Western Michigan University

ScholarWorks at WMU
Dissertations

Graduate College

6-2022

Analysis Of The Cyclic Behavior And Fatigue Damage Of Low
Alloy Steels
Zahra Salemi Najafabadi
Western Michigan University

Follow this and additional works at: https://scholarworks.wmich.edu/dissertations
Part of the Metallurgy Commons

Recommended Citation
Salemi Najafabadi, Zahra, "Analysis Of The Cyclic Behavior And Fatigue Damage Of Low Alloy Steels"
(2022). Dissertations. 3848.
https://scholarworks.wmich.edu/dissertations/3848

This Dissertation-Open Access is brought to you for free
and open access by the Graduate College at
ScholarWorks at WMU. It has been accepted for inclusion
in Dissertations by an authorized administrator of
ScholarWorks at WMU. For more information, please
contact wmu-scholarworks@wmich.edu.

ANALYSIS OF THE CYCLIC BEEHAVIOR AND FATIGUE
DAMAGE OF LOW ALLOY STEELS
Zahra Salemi Najafabadi, Ph.D.
Western Michigan University, 2022
Fatigue is the most common type of failure in many structures and components subjected to
cyclic loading. Surface effects in fatigued materials are of particular importance, since in most
cases the surface is the preferred site of fatigue crack initiation. Microcracks originate at the
metal surface due to stress concentration introduced by macro notches and micro defects in the
surface layers. The microcrack initiation and propagation are controlled by the localized plastic
deformation in the surface layers especially in the initial stage of fatigue failure process. Therefore,
the knowledge regarding the cyclically induced changes in deformation resistance at the metal
surface layers is of practical importance in fatigue analysis of engineering structure and
components subjected to cyclic loading.
On the other hand, fatigue evaluation using conventional methods may not be always feasible to
conduct considering the size, with well-defined geometry and quantity of the test samples. Also,
for some particular applications (e.g components of turbine engine) significant savings can be
realized

by

conducting

limited

small-scale

fatigue

testing

instead

of

conducting

conventional fatigue on a large number of processed fatigue specimens. Therefore, some
other semi/non-destructive methods need to be employed to assess their cyclic response with a
good reliability.
The objective of this research study is to investigate a technique to monitor the fatigue damage
accumulation throughout the fatigue life using the non-destructive quantifiable changes in the
material surface properties. The present contribution also is investigating a non-destructive
method to evaluate the fatigue properties of the material.

For this purpose, two kind of ferritic-pearlitic low alloy steels, 8620 cold drawn round bar and
4340 steel cold drawn round bar in annealed condition, have been studied. At first, a series of
experimental procedures are defined to investigate a correlation between parameters results from
the cyclic indentation to the fatigue properties results from the traditional fatigue tests. A potential
correlation was obtained from the results. However, further studies on more metals and alloys need
to examine the general existence of a correlation between conventional material fatigue property
and the parameter determined through the cyclic indentation test.
In order to pursue the second major aim of present work, development of the surface damage
parameters, surface hardness and roughness, were monitoring throughout the fatigue life. For this
purpose, the uniaxial cyclic total strain control tests under two different strain amplitudes were
applied to the fatigue specimen of the materials. The cyclic test was interrupted in random different
life intervals to measure the surface hardness and roughness and monitor their variation throughout
the cyclic test. The results show that at least for these two steels, the surface hardness development
can only predict the cyclic softening/hardening. Surface roughness monitoring show an increasing
trend throughout the fatigue life but in three different stages. Because the rate of increasing the
surface roughness values is increasing by progressing the applied cycles. It looks monitoring the
surface roughness development throughout the fatigue life is a potential method for indicating the
macrocrack nucleation.
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1

INTRODUCTION

1

Engineering components, vehicles and structures are frequently subjected to repeated loads,
and the resulting cyclic stresses can lead to microscopic physical damage to the materials involved.
Even at stresses well below a material’s ultimate strength, this microscopic damage can accumulate with continued cycling until it develops into a crack or other macroscopic damage that leads
to failure of the component. This process of damage and failure due to cyclic loading is called
fatigue.
Fatigue is a major cause of failures concerning metal structures, being capable of causing catastrophic damage to the environment and considerable financial loss. T herefore it is important to
know the behavior of the engineering materials and components under cyclic loading and find the
methods to predict the fatigue damage and the remaining fatigue life of the component.
Cyclic loading causes a complex microstructural changes in the material. This microstructural
changes influence the physical and mechanical properties of the material, which is basis for development of some non-destructive methods for for fatigue damage monitoring in the engineering
components. Regardless of the difficulties r elated t o d etecting a nd q uantifying t he accumulated
fatigue damage, a vast number of researches have performed experimental work and found several
indicators of fatigue damage [1]. These indicators have contributed to the perspectives of both
better understanding the fatigue phenomenon and better predicting the remaining fatigue capacity.
Even though much research has been performed, with varying degree of success, a common practice/method/indicator has yet to be established for quantifying the accumulated fatigue damage
prior to macroscopic crack initiation.
The objective of this research study is to investigate a technique to monitor the fatigue damage
accumulation throughout the fatigue life using the non-destructive quantifiable changes in the material surface properties. The present contribution also is investigating a non-destructive method to
evaluate the fatigue properties of the material.
For this purpose at first in this chapter a general overview is provided on the major approaches for
analyzing the fatigue failure of materials, the cyclic stress-strain response of the material. The microstructural aspects of cyclic loading and fatigue crack initiation and microstructural and surface
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effects have been reviewed and a summary on micromechanics of plastic deformation and surface roughness development during the cyclic loading has been provided. In continue the research
motivation and the scope of the present study are outlined in this chapter.

1.1

Fatigue analysis approaches

At present, there are three major approaches to analyzing and designing against fatigue failures as
follow:
1. Stress-based approach
2. Strain-based approach
3. Fracture mechanics approach
Stress-based
This method employs the nominal stresses in the affected region of the engineering components. In
the stress controlled fatigue tests, the stress fluctuate between maximum and minimum stress
levels. The stress controlled cyclic loading and the associated nomenclatures are illustrated in
Figure 1. In this figure σmin, σmax, σa, σm are the minimum stress, the maximum stress, the stress
amplitude and the mean stress respectively. The following equations describe the relations among
them.
∆σ = σmax − σmin
σa =

(1)

∆σ
σmax − σmin
=
2
2

(2)

σmax + σmin
2

(3)

σm =

3

Figure 1: Constant stress amplitude cyclic loading.

Strain based approach
It considers the plastic deformation that may occur in critical regions where fatigue cracks begin, usually at stress raisers. This procedure permits detailed consideration of fatigue situations
where local yielding is involved, which is often the case for ductile metals at relatively short lives.
However, the approach also applies where there is little plasticity at long lives, so it is a more
comprehensive approach then the stress-based approach. In strain based test the applied strain amplitude is constant [2].

Fracture mechanics approach
Finally, the fracture mechanics approach, specifically treats growing cracks by the method of fracture mechanics.The basic information on the cyclic stress-strain behavior of a material is provided
in the form of the stress-strain hysteresis loop. In contrast to monotonic loading, cyclic deformation does not lead to a unique relationship between stress and strain, but rather to a hysteresis loop
for each loading cycle. Figure 2 illustrates a hysteresis loop with related nomenclatures.
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Figure 2: Hysteresis loop.

The ranges of the total strain, Δε, the plastic strain, Δεp , and the elastic strain, Δεe , can be
calculated a follows:
∆ϵ = ϵmax − ϵmin

(4)

∆ϵ = ∆ϵe + ∆ϵp

(5)

∆ϵp = ∆ϵ − ∆ϵe = ∆ϵ −

∆σ
E

(6)

The cyclic peak stress of the material may change in the first stage of cyclic loading or throughout
a test which refers to as the transient cyclic deformation behavior of the material and is called
cyclic hardening or softening. Transient behavior of a material depends on the pretreatment of the
material tested. For instance, heavy cold working prior to cyclic loading could cause subsequent
cyclic softening, whereas an annealing treatment could result in a cyclic hardening. Furthermore,
deformation induced microstructural changes may also be the reason for transient deformation
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behavior. Figure 3 shows a schematic of a cyclic hardening and softening for strain control cyclic
tests under a triangular signal with constant amplitude.

(a) Cyclic Softening

(b) Cyclic Hardening

Figure 3: Schematic representation of transient cyclic deformation processes.

After the initial hardening or softening, a second region often follows in which plastic strain
amplitude and stress amplitude are approximately constant. In this region a quasisteady condition
exists. The prefix q uasi i s n ecessary t o i ndicate t hat o nly t he a mplitude i s c onstant, w hile the
material is still continuously deformed along the hysteresis loop. Frequently this stabilized region
occupies a major part of fatigue life. In the third region of the cyclic deformation curve, the cyclic
stress-strain behavior is affected by the propagation of a fatigue crack and finally fracture happen
[3].
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1.2

Cyclic stress-strain test

After a quick review on different approaches to analyzing and designing against the fatigue failure, now a general information is provided on different common procedures to evaluate the cyclic
stress-strain curve.
The cyclic stress-strain curve is most often evaluated from the constant strain amplitude test or
the constant plastic strain amplitude test [4]. Figure 4 shows a schematic of cyclic stress strain
curve. It is defined as the curve which connects the tips of the stabilized hysteresis loops obtained
at different plastic strain ranges. A knowledge of the cyclic stress-strain response of a material is
necessary for the calculation of the cyclic strains and stresses in bodies subjected to fatigue loading. The cyclic stress-strain curve characterises the relation between the strain amplitude and the
stress amplitude in the stage of saturation of the mechanical properties for most of the fatigue life.

Figure 4: An schematic of cyclic stress-strain (CSS) curve.
Several methods are available for determining cyclic stress-strain curves [5], of which the four
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main ones are listed in Table 1.
Table 1: Test methods for obtaining cyclic stress-strain curves [6].
Strain Waveform

Method
Constant strain amplitude
(Plastic or total strain)
(Several specimens)

Incremental step
(One specimen)

Multiple step
Increasing strain
(One specimen)

Multiple step
Decreasing strain
(One specimen)

Constant strain amplitude method
It involves tests being carried out on several specimens each using a different strain amplitude.
The stress value at the half life stage of each test is then plotted against the corresponding strain
amplitude to compile the cyclic curve. The alternative methods illustrated in Table 1 have been
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proposed to enable the curve to be generated more quickly using just one specimen.

Incremental increasing/decreasing step test
The incremental increasing/decreasing step test involves the specimen being subjected to blocks of
increasing and decreasing strains until the stress at each level of strain stabilized. In multiple step
tests, the specimen is cycled at constant strain amplitude until the stress amplitude becomes stable
and is used for the cyclic curve; this procedure is repeated at several increasing strain amplitudes
[6].

Incremental step test (IST)
A technique that has been proposed as a time saving method to determine the CSS curve with
one sample is the incremental step test (IST) [5, 7]. In each block the amplitude is first increased linearly with time up to a maximum amplitude, then decreased to zero (or a minimum
amplitude value). This loading sequence (block) is applied repeatedly until a stabilized behavior
is established. Then the CSS curve is obtained simply by connecting the load reversal points in the
stress-strain course [3].
After a brief review on cyclic stress-strain response of a material and different common procedures
to obtain the CSS curve of the material, in continue the general phenomenon on fatigue including
cyclic hardening or softening and stabilization states throughout the fatigue life and then the microstructural deformation and dislocation arrangement throughout the fatigue life is discussed.

1.3

General phenomena on fatigue

Many materials show a cyclic deformation curve of the type shown in Figure 5, which can be separated into three stages. At the beginning cyclic deformation causes a cyclic hardening or cyclic
softening so called transient stage. Cyclic hardening means that the stress amplitude increases
with each cycle. In the case of cyclic softening, the reverse changes take place. The type of tran9

sient behavior is mainly determined by the pretreatment of the material tested. It is plausible that,
for instance, heavy cold working prior to cyclic loading could cause subsequent cyclic softening,
whereas a annealing treatment could give rise to cyclic hardening. Furthermore, deformationinduced microstructural changes may also be the reason for transient deformation behavior. After
this initial stage, a second region often follows in which Δσ/2 are approximately constant. The
sta-bilized conditions established in various tests with different loading amplitudes are used to
define the cyclic stress-strain curve. In third region of the cyclic deformation curve, the cyclic
stress-strain behavior is affected by the propagation of a fatigue crack. Figure 5 shows an
schematic of the cyclic stress amplitude versus number of cycles in constant strain amplitude
tests. The transient softening cyclic deformation merge into the plateau is shown with a dash line
and in contrast the initial hardening shows with a solid line. In this figure, σ s means stabilized
stress amplitude [3].

Figure 5: Schematic representation of cyclic stress amplitude for tests with constant total strain
amplitude [3].

1.4

Dislocation arrangement of cyclic saturation

The slip character of a material is a basic parameter that determines the type of dislocation arrangement formed during cyclic loading and therefore also the cyclic stress-strain response. The
term of slip character describes the tendency of a material to form a three-dimensional dislocation
arrangement. The two extreme cases of slip character are represented by materials that show on
the one hand a pure planar dislocation slip (single slip plane) and on the other hand a pure wavy
10

dislocation

slip

(multiple

slip

planes).

When the cyclic stress-strain behavior of a material is estimated, it would be helpful if slip
character could be quantified from independent materials data. The factors determining the slip
character of a material are a subject of continuing research. The most important factor promoting
slip planarity is a high friction stress, irrespective of its cause. There is good evidence of a role
for interstitial solutes in promoting slip planarity [3]. Cyclically deformed metals and single
phase alloys show characteristic dislocation arrangements in dependence of the amplitude. This
has been studied in detail especially in the case of fcc metals and solid solution hardened alloys
[8, 9]. Figure 6, shows in the form of a map the areas of the existence of typical dislocation
arrangements as a function of the number of cycles to fracture Nf (and Δεp, respectively) and the
slip character of the material. The term slip character is related to the ease of cross slip and is
used to describe the tendency of a material to form three-dimensional dislocation arrangements.
Different governing factors such as stacking fault energy [8, 9], short range order [10] and
dislocation-solute

interaction

[11,

12]

have

been

discussed.

Figure 6, shows that for a material with wavy slip, dislocation arrangements range from typical
of single slip (dipoles, dipole bundles, persistent slip bands (PSB)) to those characteristic of
multiple slip (labyrinth structures, secondary walls, cells). In a polycrystalline material, this
transition can extend over a broad range of Δεp/2, because the type of the dislocation arrangement
may vary from grain to grain and even within the grains as a consequence of the different grain
orientations in combination with a strongly orientation-dependent cyclic hardening [12].
Figure 6, roughly classified materials into those showing wavy and those showing planar slip.
The dislocation arrangement in cyclic saturation of wavy slip metals depends very strongly on the
load-ing amplitude. At low amplitude (high values of Nf), arrangements of edge dislocation
dipoles are found that form mainly due to single slip. Dislocations agglomerate to so-called
bundles or veins, which are separated from each other by regions of low dislocation density
(channels). Embedded in this matrix, PBS can form. at higher amplitudes, multiple slip takes
place and gives rise to labyrinth and cell structures [3].
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In planar-slip metals and alloys, the dislocation motion is confined to the slip plane. Planar
ar-rangements form, mainly consisting of edge dislocations that occupy a slip plane and line up
par-allel to each other. Secondary slip contributes to cyclic deformation at high amplitudes,
although secondary slip also seems important for PSB formation, even at low amplitudes [3].

Figure 6: Dependence of the dislocation arrangement formed in fcc metals and alloys on slip
character and number of cycles to fracture [8, 9].
After a quick review on dislocation arrangement throughout the fatigue life, now it is time to
talk about the fatigue crack nucleation. Where do the fatigue cracks initiate? What is the effect of
microstructureand dislocation arrangement on the fatigue crack nucleation? Why usually fatigue
cracks initiate from the surface of the material? The following section answers to all these questions.
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1.5

Fatigue crack nucleation and microstructure

The fatigue process can be roughly divided into four stages: cyclic hardening/softening, crack nucleation, crack propagation, and fracture. At low amplitudes the nucleation stage can occupy the
majority of the lifetime. At high amplitudes nucleation is usually accomplished within a small
fraction of the fatigue life. Another fraction of the lifetime is needed for propagation of the microstructurally small cracks (cracks small compared to microstructural size scales) to reach the
size of the physically small cracks (i.e., cracks of the size ≤ 0.5-1 mm). Again this fraction can be
quite high at low amplitude.
It is well established that the fatigue process is very sensitive to surface state and is influenced
by the surface finish and surface treatment. The reason is that fatigue cracks in most cases nucleate from free surfaces of cyclically loaded metals. Crack nucleation, as well as the whole fatigue
process, is controlled by the cyclic plastic deformation. Therefore it can be expected that cracks
nucleate at positions where cyclic plastic deformation is higher than average. There are basically
two reasons why the cyclic plastic deformation is higher just at the surface,
• Concentration of plastic deformation due to higher stresses near the surface
In complex engineering components, higher surface stresses result from either notches or
bending and twisting, both of which lead to stress gradients with the highest stress on the
surface. There are also microscopic stress concentrators, which are effective even under
conditions of ideal uniaxial loading. The stress level at the surface is sensitive to surface
topography, and the surface is never perfectly smooth. For example, very fine grinding
produces grooves with depths of the order of 0.1 µm, which very locally can increase the
stress by bout 10%. A further type of microscopic stress concentration is the surface step
produced by dislocations leaving the metal during plastic deformation. The cyclic itself can
produce localized stress concentration at the surface into PSB. Second-phase particles, such
as inclusions and precipitates, have elastic properties different from those of the matrix and
generally also serve as stress concentrators.
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• Lower degree of constraint of the near surface
In the bulk material, each interior grain is under constraints imposed by neighboring grains.
Surface grains have a lower number of neighboring grains than interior grains and, consequently, the constraint is relaxed.
Direct observations of surfaces have shown that there are three types of nucleation sites [3]:
• Nucleation at fatigue slip bands is perhaps the most frequent type. Its nature is slip concentration within the grains.
• Nucleation at grain boundaries is typical for high strain fatigue, especially at higher temperatures.
• Nucleation at surface inclusions is typical for alloys containing large enough particles.
Common to all three types of nucleation is local plastic concentration at or near the surface. Nucleation in the fatigue slip bands is a basic type of nucleation, not only because this is the most
frequent case, but mainly because the cyclic slip processes and formation of fatigue slips bands
often precede nucleation at grain boundaries or at surface inclusions. From this point of view, nucleation at inclusions can be understood as cyclic slip localization due to the stress concentrating
effect of the inclusion. Nucleation at inclusions can lead either to decohesion of the inclusionmatrix interface or to cracking of the inclusion. There is strong evidence that nucleation at grain
boundaries is also conditioned by the cyclic slip processes.
The initial appearance of fatigue slip bands typically coincides with the end of the macroscopic
hardening/softening. The first microcracks are detectable within the bands later during cycling.
A large number of microcracks usually form during the first 20 to 40% of the total fatigue life.
With continued cyclic loading, some of the nucleated microcracks grow, and practically no new
ones are nucleated [3]. This is shown in Figure 7, which illustrates the measured crack density
versus number of load cycles for an Al-Cu-Mg alloy [13]. In this case, the microcracks emanate
from cracked or debonded intermetallic particles, and their shapes are approximately semicircular.
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After the microcracks nucleate, the density undergoes only minor changes. The slight increase in
microcrack density by the end of the lifetime is due to the formation of new microcracks in the
plastic zone of the propagating macrocracks.

Figure 7: Density of microcracks for two stress amplitudes in Al-Cu-Mg alloy. N, number of
cycles, Nf, number of cycles to fracture. Axial load, R = -1 [13].
The above discussion show that the fatigue cracks usually nucleate at the surface of the material. The following section is taking about the surface appearance changes and the surface roughness development as intrusions and extrusions throughout the fatigue life. It demonstrates that
how the fatigue crack initiate at the surface by development of intrusion and extrusions through
progressing the cyclic load.

1.6

Micromechanics of plastic deformation

Crack nucleation usually takes place after saturation of the bulk mechanical properties. In the interior of metals cycled at low stress or strain amplitudes, the dislocation processes are reversible
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at this stage. The intensification of fatigue slip bands on the surface and the formation of microcracks show that the dislocation processes in the surface layer are irreversible. Even if no stress
risers, notches, or inclusions are present, small microcracks may initiate due to a sufficiently high
alternating plastic strain amplitude. When a dislocation emerges at the surface, a slip step of one
Burgers vector is created. During perfect reversed loading on the same slip plane, this step is canceled; however, slip occurs on many planes, and the reversal is never perfect. Accumulation of slip
steps in a local region leads to sever roughening of the surface. Sometimes features called extrusions and intrusions clearly form on the surface. A simple mechanism, described by Cottrell and
Hull [14], for forming an intrusion-extrusion pair. Sequential slip on two intersecting slip planes
is imagined to occur. In the first h alf-cycle, first one slip system and then the other is imagined
to operate, producing valley. Alternately, a protrusion would form if the dislocations have Burger
vectors of opposite sign. During the second half-cycle, the fist slip system and then the second is
imagined to operate again, giving rise to an intrusion and extrusion pair.
It is not believed that intrusions and extrusions form exactly by the Cottrell-Hull mechanism, but
this mechanism serves to illustrate the type of process that must be operative.
The term persistent slip band (PSB) was introduced by Thompson et al. [15]. They examined
polished surfaces of copper and nickel after various amount of cyclic deformation and observed
many slip bands. Although most were removed easily by electropolishing, some required extensive electropolishing for removal; when the sample were retested, slip bands formed again in these
places. The author called such slip bands persistent [3].
During fatigue loading, defects in the form of dislocations produce and accumulate within the
material. These accumulations gradually increase the dislocation density produced by strain localization, and manifest themselves in the form of slip bands [16]. Slip bands are the main form
of surface damage, often referred to the persistent slip marking (PSMs). The word, persistent
indicates the reappearance of PBSs on the surface of the material on the same location, even after
polishing the surface [17]. Studies have shown that this reappearance is responsible for the roughening of the surface during fatigue loading. PSMs include extrusions and intrusions created at the
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advent of PSBs. Encroachments or macro-PBs are large clusters of extrusions and intrusions in the
form of extrusions (hills) and intrusions (valleys) results in roughening of the surface experiencing
fatigue.
All the previous sections have illustrated the microstrauctural changes and dislocation arrangements throughout the fatigue life. The common sites that the fatigue cracks nucleate are discussed
and it explained why the fatigue cracks usually nucleate at the surface. The surface roughness development explained by the theory of intrusions and extrusions development throughout the fatigue
life and the formation of the cracks at the developed extrusions and intrusions at the surface and
the fatigue crack growth process at the surface have explained. All these microstructural changes
and dislocations arrangement and surface roughness development throughout the fatigue life impact the physical and mechanical properties of the material during cyclic loading. The variation
of the physical and mechanical properties of the material throughout the fatigue life is the basis
for development of the non-destructive methods to monitor the fatigue damage and fatigue crack
growth throughout the fatigue life. In continue different nondestructive methods far fatigue damage monitoring is discussed.

1.7

Non-destructive methods for monitoring the fatigue process

A number of both mechanical parameters and physical measures have been proposed to be correlated with the microstructural changes throughout the fatigue damage process. Therefore, different
methods have been proposed to be applicable for monitoring of the fatigue process. Some of theses methods are called fatigue crack monitoring, theses methodologies applicable after a crack is
initiated and monitoring the crack growth. Another group is called fatigue damage monitoring
applicable for the accumulated damage prior to macroscopic crack initiation. Table shows a list of
the practical methods in both categories [18].
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Table 2: Non-destructive tests (NDT) applicable for fatigue inspection of a specimen [18].
Category

Method

Fatigue Crack Monitoring

Potential Drop Method
Acoustic Emission Technique
Ultrasonic Method

Fatigue Damage Monitoring

Electric Resistance
Hardness-Based Method
X-Ray Diffraction Method
Thermometric
Strain-Based
Positron Annihilation
Magnetic Method
Ultrasonic Method

Even though much research has been performed, with varying degree of success, a common
practice/method/indicator has yet to be established for quantifying the accumulated damage prior
to macroscopic crack initiation. Because in the present work, we study the development of two
surface characteristics, surface hardness and roughness, to monitor the fatigue damage, in continue
a brief review on surface hardness and roughness measurements are presented.
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1.8

Microindentation testing

For ductile metals the surface is the preferred site for fatigue and crack initiation. Therefore properties of the surface are important. Surface properties can be studied by non-destructive means
using instrumented indentation testing.
Figure 8 shows a typical set example of load-displacement curves, which serves to define some
of the experimental quantities involved in the analysis used below.

Figure 8: Schematic representation of (a) typical load-displacement curve, and (b) corresponding
geometrical parameters, showing definition of key experimental quantities.

The key measured quantities are the maximum load, Pmax , the displacement at the maximum
load, hmax , the slope of the initial portion of the unloading curve, S = dP/dh. The hardness, H, is
defined as the mean stress under the indenter. With this definition, the hardness is calculated as the
maximum applied load during indentation test, Pmax , divided by the projection area, AC , of contact
between the indenter and the sample as follows:

H=

Pmax
AC

(7)

The projection contact area, AC , is an indenter shape function at the contact depth, hC . This function relationship is considerably complex for real indenter case due to tip rounding. In particular,
indentation at low pentration is susceptible to tip imperfection. For an ideal pyramidal geometry
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case, the area function, AC, is given by [19]:
AC ≈ 24.5h2C

(8)

The contact depth, hC, immediately before unloading can be directly estimated from the loaddisplacement data using [20]:
hC = hmax − ϵ

Pmax
S

(9)

where ϵ is the geometric constant and the value ϵ = 0.72 is generally used [20] for a conical or
pyramidal indenter, S is the slope of the initial portion of the unloading curve and is given by:

S=

dP
dh

(10)

Young’s modulus, on the other hand, is determined assuming that the area in contact remains constant during initial unloading. The relationship between load and displacement on initial unloading
is related to Young’s modulus of the specimen and the indenter and to the contact area between the
specimen and indenter, and is given by [21]:
1
Er =
2βhC

r

π dP
( )
24.5 dh

(11)

and
1
1 − ν 2 1 − νi2
=
+
Er
E
Ei

(12)

Here, β is a constant which depends on the geometry of the indenter (β = 1.011 for a Vickers
indenter [22]), Er is the reduced modulus, E and ν are the Young’s modulus and poisson’s ratio for
the sample, and Ei and ν i are the same parameters for the indenter. The reduced modulus, Er, is
obtained from the slop of initial unloading curve and the contact depth, hC , determined by Equation
9. The Young’s modulus and Poisson’s ratio of the diamond indenter are Ei = 1141 GPa and ν =
0.07 [23].
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In practice, various errors are associated with this procedure. The most serious of these errors manifests themselves as offsets to the depth measurements. Others arise from environmental changes
during the test and the non-ideal shape of the indenter. In addition to the above, there are a number
of material related issues that also affect the validity of the results. The most serious of these are
an indentation size effect and the phenomenon of piling-up and sinking-in.
In a homogeneous, isotropic material, one expects to measure only one value of hardness and
modulus, yet, for a variety of reasons, experimental results often result in a variation of hardness
and/or modulus with indentation depth. Some of the observed effects are indeed real reflections of
material behavior and arise due to presence of very thin oxide films of substantially different mechanical properties than the bulk material, or the presence of residual stresses and strain-hardening
arising from the specimen preparation and polishing procedure. The presence of friction between
the indenter and specimen has also been shown to lead to an indentation size effect.
In materials exhibiting an indentation size effect, the conditions for plastic flow may depend not
only on the strain, but also on the magnitude of any strain gradient that might be present in the material. Such a gradients exist, for example, in the vicinity of a crack tip, where the stress fields are
rapidly changing. Substantial strain gradients also exist in the indentation stress field. In general,
the indentation hardness of these materials is observed to increase with decreasing size of indentation owing to the nucleation of dislocations within the plastic zone. Dislocations are created in
two ways, those arising for statistical reasons and those arising from the geometry of the indenter.
The latter are called geometrically necessary dislocations.

1.9

Surface roughness

The actual machine part surface, formed by a manufacturing process, is not the nominal surface
as seen on the engineering drawings. The real surface always contains irregularities in the form of
peaks and valleys. The amplitude of irregularities, spaced relatively close to each other, represent
surface roughness. The surface roughness is commonly determined by its profile in a cross section
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perpendicular to the direction of irregularities. The parameters of roughness are evaluated on the
basis of a part of a profile, called the sampling length. The most important parameters describing
surface roughness, specified by international standards, are:
Ra = Arithmetic average roughness height
Rq = Root mean square(RMS) roughness height
Rp = Maximum peak height
Rv = Maximum valley depth
Rmax = Maximum peak to valley roughness height
Rz = Average distance between five highest peaks and five deepest valleys
These parameters are illustrated in Figure 9

Figure 9: Parameters describing surface roughness [24].

Quantitative methods of evaluating surface roughness pertain to measurements of micro-irregularities
by special instruments and include both, contacting and non-contacting measuring methods.
The main contacting method is by tracing the inspected surface with a diamond stylus. Instruments
based on this method include profilometers, which give a direct indication of the roughness parameter
based on a numerical scale, as well as profilographs, which record the surface profile as graphs.
Roughness measurement using contact method has some disadvantage such as stylus ware, measuring
pressure can cause scratches on the sample surface, measurement limited by radius of stylus tip.
However it is capable of long distance measurement. Figure 10 shows the roughness measurement
instrument working based on the contact method, which also used in this research.
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Figure 10: Surface roughness tester Mitutoyo SJ-210 series.

Noncontacting measurements employ optical instruments based on the surface light section
method, or using instruments based on the light interference method (microinterferometers).
So far a summary on the cyclic loading and microstructural changes and dislocation arrangements,
fatigue crack nucleation and surface roughness development throughout the fatigue life is represented. Different non-destructive method based on the variation of physical and mechanical
properties of the material throughout the fatigue life are represented to monitor the fatigue process.
The surface hardness and roughness measurements are illustrated as two surface characteristics to
monitor the fatigue damage. Now the following section explain the motivation of present work.

1.10

Research motivation

Fatigue is the most common type of failure in many structures and components subjected to cyclic
loading, as many structure go under dynamic loading, which produced time-varying stresses in the
material. A number of both mechanical parameters and physical measures have been proposed
to be correlated with the microstructural changes throughout the fatigue damage process. There23

fore, different methods have been proposed to be applicable for monitoring of the fatigue process
as indicated in Table 2. Surface effects in fatigued materials are of particular importance, since
in most case the surface is the preferred site of fatigue crack initiation. Microcracks originate at
the metal surface due to the stress concentration introduced by macro notches and micro defects
in the surface layers. The microcracks initiation and propagation are controlled by the localized
plastic deformation in the surface layers especially in the initial stage of fatigue failure process.
Therefore, the knowledge regarding the cyclically induced changes in deformation resistance at
the metal surface layers is of practical importance in fatigue analysis of engineering structure and
components subjected to cyclic loading. On the other hand fatigue evaluation using conventional
methods may not be always feasible to conduct considering the size, with well defined geometry
and quantity of the test samples. Moreover, for some particular applications (e.g., components of
turbine engine) significant savings can be realized by conducting limited small scale fatigue testing instead of conducting conventional fatigue on a large number of processed fatigue specimens.
Therefore, some other semi/non-destructive methods need to be employed to assess their cyclic
response with a good reliability.
Based on the above analysis, in this research the application of microhardness indentation tester
for evaluation of fatigue damage evolution of the steels have been investigated and an approach
to characterize fatigue properties of metallic materials on the basis of cyclic indentation has been
proposed. The variation of hardness and roughness measurements at the surface layer have been
monitored as two surface characters to assess the fatigue damage evolution.

1.11

Scope

This dissertation is including 10 chapters. Chapter 1 reviewed traditional topics in the cyclic loading and fatigue phenomena of the metals. It talked about the correlation between crack nucleation
and microstructure, and dislocation arrangement throughout the fatigue life of the metals. Different non-destructive methods are indicated for monitoring the fatigue damage process, A brief
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summary on surface hardness and roughness measurement parameters are represented.
Chapter 2 is an literature review on research studies from other researchers on the topics covered
in this dissertation including, prediction of cyclic stress-strain curve using a single specimen and
incremental step test, potential application of cyclic indentation for fatigue damage evaluation, and
fatigue damage development and its effect on surface roughness and hardness evolution throughout
the fatigue life of engineering metal alloys.
Chapter 3 represents the materials used in this research with their chemical composition and microstructures. Moreover the geometry of the specimens is illustrated and the surface providing
method of the samples are described.
In Chapter 4 the test results from the traditional cyclic tests on the specimens under cyclic straining
with different strain amplitudes have been reported.
Chapter 5 represents the results from a modified incremental step test on a single specimen. A
comparison between the results from the proposed method and the results from the companion
tests from Chapter 4 has been provided.
In Chapter 6 the cyclic load-displacement curves from cyclic indentation method have been studied. The results from the cyclic compression dominated test on the fatigue specimens have been
reported. A correlation between the potential properties from the cyclic indentation and the fatigue
properties from the cyclic compression dominated test has been proposed.
Chapter 7 study the effect of loading rate and the applied load on the measured hardness using an
instrumented microindentation tester. These results help us for choosing an appropriate applied
load and indentation loading rate, for measuring the surface hardness in the next chapter.
Chapter 8 provides the investigated experimental results of the surface hardness and roughness
development throughout the fatigue life.
Chapter 9 is an summary on the conclusions from the presented experimental works and at the end
Chapter 10 talk about the potential development of this research in the future.
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2

LITERATURE REVIEW
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The main objectives of this research study are first investigation of a non-destructive method to
evaluate the fatigue properties of the material and the second to investigate a technique to monitor
the fatigue damage accumulation throughout the fatigue life using the non-destructive quantifiable
changes in the material surface properties. For this purpose in this chapter the notable works in
this topic were reviewed and their findings are briefly discussed.

2.1

Application of cyclic indentation as an nondestructive method to evaluate the fatigue properties of materials

Conventional fatigue life evaluation methods can be quite time and cost consuming. By the
way considering the fatigue phenomenon as one of the primary cause of engineering failures
[2, 25, 26], traditional (uni- and multi-axial) fatigue testing may not be always feasible to conduct considering the size, with well defined geometry, and quantity of the test samples [27, 28].
Examples of the case where traditional fatigue may not be a logical choice are brittle materials
[29, 30, 31, 32], structures with variation in local properties (e.g. additive manufactured materials)
and small volumes like solder joints, thin films, coatings, micropillars, micro-electromechanical
systems, two dimensional materials, and metallic/polymer/semiconductor nanowires [33 - 40].
Therefore, some other semi-destructive/non-destructive methods need to be employed to assess
the cyclic response with a good degree of certainty.
Indentation based fatigue is a damage accumulation induced by applying cyclic/oscillatory (loadingunloading or loading-partial unloading) with a small amplitude through an indenter, in an instrumented indentation platform. This cyclic indentation process is capable of fatiguing material as
a result of the elastoplastic response of the material. Upon cyclic indentation the force/depth
response of the material varies with the number of cycles. By analyzing the force/depth characteristics, e.g. total depth as a function of several cycles, over a certain number of cycles, one can
investigate the fatigue damage of the materials [41-44]. In indentation fatigue, the cycles of
indentations are repeated at the same location; therefore the elastoplastic area of high cyclic
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indentation determines the induced fatigue. Xu et al. [39, 45 - 49] were the first who defined
the indentation depth propagation rate into transient and steady state regimes. In the transient
stage, which is the early stage (stage I) of the process, the indenter plunge in the material
while in the steady state regime (stage II) the depth growth (propagation) rate is constant. In
other words, indentation depth rate (dh/dN) is very high in stage I, while in stage II, with the
increase in the number of indentation cycles, dh/dN attains a stable (steady) sate where h does
not vary with the loading cycles. These two stages would correlate reasonably with crack
initiation and propagation in conventional fatigue [27, 47, 50]. Xu et al. [39, 46, 48] have
extensively worked on relationship between conventional fatigue and indentation fatigue and
have

proposed

indentation

fatigue

strength

law.

Kramer et al. [51] showed a test procedure PHYBALCHT (Physical based fatigue life
calculation (PHYBAL), cyclic hardness test (CHT)) on the basis of repeated Martenze
hardness measure-ments. In this method, a force-indentation-depth-hysteresis is analyzed to
reveal fatigue properties of metallic materials. It was shown that the change in hysteresis width
can be described by power laws and it correlates to the grain size and cyclic hardening behavior
of

traditional

constant

ampli-tude

fatigue

tests.

Blinn et al. [52] investigated the influence of indentation force on the result of cyclic indentation
tests in the framework of PHYBALCHT, based on the work of Kramer et al. [51], to enable the
possibility to determine materials cyclic behavior with refined local resolution. Uniaxial constant
amplitude tests (CATs), with stress ratios R ≤ -1 and beyond the 0.2% compression limit were
per-formed on variously heat treated 42CrMo4 specimens to compare the results of cyclic
indentation tests to uniaxial fatigue loading under cyclic compressive stresses. The results show
that because at lower indentation forces, the indent diagonal as well as plastically deformed
material volume becomes smaller, cyclic materials properties can be determined with higher
resolution. However, for a valid determination of plastic indentation depth amplitude and cyclic
hardening exponent, the validity of the method needs to be clarified in advance for the maximum
indentation load to be used at the investigated materials class.
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Lyamkin et al. [42] have applied a high number of cycles on the surface of an austenitic stainless
steel X6CrNiNb1810 specimen using a servo-hydraulic indentation system with a ball indenter.
The effect of cyclic indentation are discussed with respect to cyclic hardening/softening and microstructural changes in the material. It show the potential of cyclic indentation for studying the
fatigue properties.

2.2

Fatigue damage evaluation using surface damage monitoring

Among the works done on this topic, a series of notable researches conducted by Dr. Ye. In
1996, Ye et al.[53] measured the Vickers microhardness of ferrite and pearlite on the surface of
an annealed 0.46% carbon steel under a high cycle fatigue load control test. They meauserd the
microhardness for different number of cycles during the fatigue test. Then plotted the statistical
mean hardness vs cycles to failure for constitutive phases, ferrite and pearlite. The results show
three periods in the graphs including increasing, stabilizing and decreasing the hardness, In another
work in 1998 Ye et al. [54] studied the detection of the fatigue hardening/softening based on the
Vickers microhardness measurement. the author showed that the hardening/softening of the bulk
material is detected by evaluation of the hysteresis loop during LCF. The following equation is the
relationship between the stress and strain component of a hysteresis loop.

ϵat = ϵae + ϵap =

σa
+ ϵap
E

(13)

Where εat, εae and εap are the total, elastic and plastic strain amplitude, respectively, σa is the stress
amplitude and E is the Young’s modulus of a material [54]. According to this equation, we may
determine the cyclic softening/hardening behavior of a bulk material under an strain control test in
terms of the cyclic dependent changes in stress amplitude.
The authors have used the theory of contact mechanics and did some assumptions based on the
geometric scheme of the indenter, in the case of the Vickers indenter and expressed a relationship
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between the total indentation deformation and the Vickers hardness as follow:

H
ϵH = ln(sinα) = ϵH
e + ϵp = [

Hv
(1 − ν + 2ν 2 )] + ϵH
p
Esinα

(14)

where εH, εeH and εeH are the mean values of total, elastic and plastic deformations in the loading
direction, α is the half of the apex angle of pyramidal indenter, E is the Young’s modulus and ν is
the Poisson’s ratio [54]. It shows that there is an inverse proportional relationship between the
Vickers hardness and the indentation plastic deformation. The indentation plastic deformation decreases by increasing the Vickers hardness. Therefore, Vickers hardness represents the resistance
to plastic deformation of a material on a small scale. By comparing the equation (14) with equation (13), we may note that the mechanical behavior of the material under Vickers indenter in a
certain sense is analogous to strain control tensile test. In other words cyclic hardening/softening
can determine by Vickers hardness measurement. The authors have applied stress control fully
reversal cyclic test on 16Mn steel under annealed condition and medium carbon 45# steel under
normalized condition. The cyclic test was interrupted after various chosen numbers of cycles to
measure the Vickers microhardness at the surface of the specimen. The variation of microhardness
mainly corresponds to the initial surface softening, followed by hardening and then softening
again until fracture happen. The variation of the scatter of the microhardness within the whole
fatigue process, showing that the fatigue hardening/softening is heterogeneous at the
microscopic

scale

during

cyclic

loading

[54].

Ye and Wang [55] have introduced the concept of continuum damage mechanics to
investigate the surface damage evaluation of cyclically loaded of a steel using the Vickers
microhardness measurements. They have proposed a mathematical relationship between
hardness and damage variable (D) for a damage material:

HD = C(1 − D)k(ϵ + ϵH )m
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(15)

where C is a proportionality constant that takes different values depending on the type of indenter
and tester used, k and m are material constants, εis the plastic natural strain, ϵH is the effective strain
introduced by the hardness test itself within the indentation plastically deformed zone (εH ≈ 0.08
in the case of Vickers indentation). D is the damage variable which represents the deterioration
of the material’s properties and microstructures under the loading of external forces. The authors
have evaluated the damage variable in terms of the variation of hardness for the isotropic damage
case as,
D =1−

HD
H

(16)

where HD and H are the hardness of a damaged and a non-damaged material respectively. As
the hardness at the submicroscopocal level is particularly structure sensitive and related closely
to the intrinsic structural factors of the specimen including crystal structure, grain size, orientation, phase distribution, dislocations, precipitates, deformation bands, twins and stacking faults,
the microhardness measured at the different surface regions of a specimen has stochastic distribution characteristics. This implies that the damage variable, D, should be expressed in probabilistic
function form. Therefore, the authors proposed the damage variable, D, in a normal distribution
function form based on the fact that the Vickers microhardness of both ferrite and pearlite is governed by a normal distribution during cycling
1
(D − Dµ )2
f (D) = √
exp[−
]
2Dσ2
2πDσ

(17)

where Dµ and Dσ are the mean and standard deviation of damage variable D, given by

Dµ = 1 −

HVDσ
HVDµ
[1 + (
)]
HVµ
HVµ

1 q
Dσ =
(HVDµ )2 HVσ2 + HVµ2 (HVDσ )2
HVµ2

(18)

(19)

The mean values and standard deviation of the damage variable D calculated by Eqs. (18) and (19)
coupled with the measured Vickers microhardness are plotted versus the cycle fraction, N/Nf , in
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Figure 11 in which error bars represent plus or minus one standard deviation of D. It can be
seen that damage values in the surface grains increase continuously after a certain number of
cycles corresponding to the process of microhardness increasing and reaching saturation. The
increase in the rate of damage decreases gradually with the increasing number of cycles while
the cycles attain about 20-35% of the number of cycles to fracture, depending on the stress levels
[55].

Figure 11: Evolution of surface damage in different constitutive phases, ferrite and pearlite, during
cycling [55]

In 2005, Ye [56] used the method of Vickers microhardness measurement to detect the deformation resistance changes in the surface layer of cyclically loaded 18Cr-8Ni austenitic stainless
steel during low-cycle fatigue. For this purpose, the values of the Vickers microhardness at the
surface of the specimens were measured periodically during the course of cycling. All cyclic tests
were conducted under fully reversed total strain control. The tests were continued until fracture
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with the strain amplitude limits between 0.4 and 2%. The cycle-dependent deformation behavior in
the surface layer compared with that in the bulk material determined by continuous detection of the
hysteresis loop during low cycle fatigue. The results show that during low-cycle fatigue, the cyclic
stress response of the bulk material revealed combinations of a variable cyclic hardening, stable
behavior and softening, depending on the applied cyclic strain amplitude. However at all strain
amplitudes, the material in the near surface regions undergoes an increasing cyclic deformation
resistance, or fatigue hardening, dependent on the imposed strain amplitudes. A comparison of
the cyclic deformation resistance changes in the near surface regions with that in the bulk indicates
that, at a high strain amplitude of 2% bot the surface layer and the bulk undergo a similar hardening
behavior within the whole fatigue life, while at a low strain amplitude of 0.4%, the surface layer
undergoes a continuous hardening process, whereas in the bulk material a slight softening occur
after an increasing hardening to a maximum value during initial cycles [56].
These works by Ye et al. used a limited load range and were only done on a few limited materials.
The wider range of load and different types of materials could be studied to get a more comprehensive conclusion.
In 2012, Pinheiro et al. [57] used X-ray diffraction technique to evaluate the microstructural
changes in the surface and subsurface of an X60 steel pipe during the fatigue life. The most
important parameter obtained by this technique is the full width at half maximum (FWHM) of the
diffraction peak, which can provide information about the dislocation network density and estimate
microdeformations. It was found that the evolution of this parameter with cycling presents three
different stages, associated to the mechanisms of microcrack initiation, microcracking, macrocrack
propagation, respectively. Recently, Drumond and Pinheiro et al. [58-60], used microhardness
testing to evaluate the fatigue damage of pipeline steel. For this purpose API 5L X65 grade steel
samples undergo an alternating bending loading with fully reversed stress. The values of the
Berkovich microhardness at the surface of the specimens were measure periodically during the
course of cycling. Figure 12 shows the loading-unloading curves obtained using the Berkovich
indenter for one of the samples. Indentations were applied with maximum loads ranging from 0.2
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to 2 N [58-60].

Figure 12: Loading-unloadig curves obtained from instrumented indentation test for line 3 measurements in T2EF09 sample [59].

The positioning of the specimens in the fatigue machine generates a crimping condition in the
region of line 1, which means that this region does not undergo cyclic loading. Thus, the hardness
calculation in line 1 is taken as the reference hardness value for the specimen. The study of the
variation in hardness values before and after the fatigue cycling of the material was done by calculating the difference between the hardness values of lines 3 and 4 in relation to line 1. The results
was correlated to those observed with the X-ray technique [57] and also with transmission electron
microscopic (TEM) images [61] from experimental tests performed with a similar material. This
correlation can help to corroborate the X-ray diffraction results previously obtained [57] and then
recommend this non-destructive technique as the base of the method for predicting fatigue life of
the steel structures [59]. Surface effects are of particular importance for the fatigue phenomenon
since in most case the surface is the preferred site for nucleation of microcracks due to easier slip
movements and higher strain amplitudes at the surface. Aiming to study the influence of depth in
hardness values, Drumond et al. [60] plotted the values of hardness variations in relation to the ref34

erence value during fatigue life for different penetration depths from the surface (of 2, 4, and 6 µm).
They observed the higher magnitudes hardness variation at the penetration depth of 2 µm, which
confirms that fatigue takes place at the metal’s surface [60]. In order to determine the fatigue life
ratio in which the most important changes in the hardness values occur, the authors [58, 60] tried to
fit a second-order polynomials in the form of y = ax2 + bx + c, and the inflection point of the curve
was determined for different stress amplitudes. The results shows that the most important changes
in the hardness values occurred at the early stages of the fatigue life of the material. Based on that,
the authors [60] estimated the numbers of cycles that correspond to these critical percentages for
different stress amplitudes. Then extrapolating the results for 100% of the fatigue life, it was then
possible to predict the number of cycles up to the material failure. Therefore the proposed fitting
of polynomials as a damage criterion represents a promising perspective to estimate the duration
of the duration of the fatigue life based on the analysis of the initiation stage (stage I) of the fatigue
damage mechanisms [60].
In 2018 Haghshenas and Khonsari [62] evaluated the surface roughness parameters starting from
pristine specimens and ending in final fracture in fully-reversed cyclic bending tests for CS 1018
steel. They investigated a viable method for detecting the onset of crack by means of monitoring the surface roughness parameters. Two types of contacting (via a stylus) and no-contacting
(optical) profilometers were used in this investigation. Results are presented for both low-and
high-cycle fatigue that covers a wide range of surface finish. Damping response is also measured
to verify the roughness reported results. It shows that damping exhibits a repeatable three-stage
trend. In the first stage, the specimen initially experiences a rapid increase in damping due to the
creation of defects (mostly dislocations) in the material. In the second stage, damping reaches to a
steady state level, representing the movement of dislocations and defects rather than enlargement.
Damage occurs in this stage due to the formation of sub-microcracks that are created in the sites of
dislocation with high density, where stresses are concentrated. In the final stage,the onset of fatigue
crack is marked by an abrupt increase in damping associated with the accumulation of dislocations
and consequently initiation of micro cracks. Figure 13 shows the damping results reported in this
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research [62]. Similar to the trend of the damping values, the evolution of the surface roughness
parameters can be divided into three distinct stages. The first and final stages show the same trend
as damping values. However, in the second stage, unlike the damping values, the surface roughness parameters exhibit a roughly linear increase. In the second stage, defects tend to dislocate
rather than enlarge and damping value is not sensitive enough to the movement of dislocations;
therefore, no major change in damping value is seen at this stage. However, surface roughness
parameters continue to grow because dislocations continue to move toward the free surface due to
cyclic straining and contribute further to increase the surface roughness.

Figure 13: Damping value versus number of cycles [62].
Wang et al. in 2013 [63] have studied the evolution of the surface roughness in polycrystalline
316L austenitic stainless steel during low-cycle fatigue using an optical interferometric surface profiling technique. The arithmetic mean surface roughness of four regions with different stress levels
was measured at incremental fatigue cycles until the fracture of the specimen. Two contributors
to the surface roughness increase, slip band development at early fatigue cycles and out-of-plane
grain displacement at later fatigue cycles, were identified. Analysis on the local permanent strain
along the loading and transverse direction indicated that the strains are highly location-dependent.
The out-of-plane grain displacement is therefore likely due to the strain differences experienced by
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adjacent grains[63].

2.3

Summary

In summary in this chapter, at first a number of researches on cyclic indentation fatigue reviewed.
It show the cyclic indentation test seems to be a promising tool to assess the cyclic response of the
small volume structures (e.g. coatings, and thin films). However, the small scale fatigue and bulk
scale (conventional) fatigue response may differ. In other words, bulk like fatigue mechanisms
and small volume fatigue behavior are not necessarily the same. In other words, fatigue data from
indentation fatigue testing may not directly be used to address the fatigue behavior of the materials in bulk scales. One approach in correlating between indentation fatigue and conventional
fatigue would be to study the material structures (e.g, polycrystalline metals) with available bulk
scale fatigue properties. These materials and their bulk scale associated fatigue properties can be
employed as reference materials to (1) justify/quantify the collected data from small scale fatigue
testing methods and (2) provide input values for small scale (e.g., indentation) fatigue testing in
considering the microstructural and interfacial (e.g., thin films and coatings) effect on the fatigue
response.
Researchers Based on this literature review, even though such a research works as research work
done by Kramer et al. [51] and Blinn et al. [52] show the proposed method is successful to correlate
the data from cyclic indentation to the properties results from conventional test, however, reliability, case/material dependency and applicability of the proposed method needs to be investigate.
This literature review show that further research works need to be done on correlation between the
data result from cyclic indentation indentation and the fatigue properties result from conventional
fatigue tests.
In the present contribution, a different method proposed to find a correlation between the cyclic parameters results from cyclic indentation and the fatigue property result from conventional fatigue.
The experimental work and the results from this method is illustrated in chapter 6.
Another purpose of this research is to investigate a technique to monitor the fatigue damage accu37

mulation throughout the fatigue life using the non-destructive quantifiable changes in the material
surface properties. This literature review show a number of researchers have studied the variation
of surface physical and mechanical properties throughout the fatigue life, and with varying degree
of success, found indicators of fatigue damage. The indicators have contributed to the perspectives
of both better understanding the fatigue phenomenon and better predicting the remaining fatigue
capacity. However reliability, advantages, weaknesses, case/material dependency and applicability
of these methods still need to investigate. Therefore in the current contribution in chapter 8, experimental results are provided to investigate the applicability of the evaluation of surface hardness
and roughness to monitor the fatigue damage and to investigate the possible indication of crack
nucleation by assessing these variations on two type of nonhomogeneous low alloy steels.

38

3

MATERIALS AND GEOMETRY
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In previous chapters the fatigue in the materials generally is described. Different approaches
to analyse cyclic loading and predict the fatigue failure were discussed. Microstructural evolution
through the cyclic loading which changes the mechanical and physical properties of the materials
was also explained. The surface roughness development, crack initiation and crack growth due to
the repetitive loading were reviewed. Nondestructive tests to monitor the fatigue damage process,
which were proposed by other researchers were discussed. Previous studies on this topic done
by other researchers were reviewed on chapter two. In this chapter, at first a methodology of the
presented research is illustrated and in continue the materials properties, specimens geometry and
the facility used in the current research are thoroughly discussed.

3.1

Methodology

This dissertation is an experimental research study. We followed two main goals in this research
study. First try to help the development a semi-destructive/non-destructive method to assess the
cyclic response of a material with a good certainty based on the cyclic indentation. The second
was to develop a nondestructive/semi-destructive method as an NDT test method to monitor the
fatigue damage prior to macro-crack nucleation. This method was based on the two surface characteristics, surface hardness and surface roughness, and their variation were monitoring throughout
the fatigue life to investigate if there is any trend in this variation and any clue for fatigue damage
evaluation throughout the fatigue life.
For this purpose two ferritic-pearlitic low alloy steels (8620 and 4340 steels) were studied. These
steels have non-homogeneous microstructure. Scientifically it is worthwhile to study the cyclic
behavior of such a non-homogeneous materials using evaluation of variation in mechanical and
physical properties throughout the cyclic loading. By the way these materials are very common in
aerospace and automotive industry, which is another reason that make it interesting to do a research
study on development a NDT method to investigate the cyclic behavior of such a high demanded
material.
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Different tests were designed and performed to assess the cyclic behavior of the materials based
on the destructive and non-destructive methods. A results analysis, a comparison between results
from destructive and non-destructive methods have been represented in upcoming chapters.

Cyclic stress-strain response of the materials

Before start to investigate the initial purpose of this research for assessment of the fatigue
properties of structural components using cyclic inden-tation and also fatigue damage monitoring
of the material through the surface damage monitoring, we need a knowledge of the cyclic stressstrain response of the bulk materials. For this purpose fatigue specimens as illustrated in Figure
19 were used and the surface preparation is explained in the current chapter in section 3.3. The
uniaxial fully reversal total strain amplitude control tests were performed under different strain
amplitudes. The results of the cyclic stress-strain response of the materials are described
thoroughly in chapter 4. A modified incremental step test was proposed in chapter 5, to predict
the cyclic behavior of the material. The results were compared with the results from the basic
fatigue tests in chapter 4. Details on this comparison is illustrated in chapter 5. The results show
the proposed method is a accurate and time saving method that uses only one specimen for the
determination of the cyclic stress-strain (CSS) curve of the materials.

Cyclic indentation hardness test
Hardness testing is traditionally used to determine material properties on a local basis by punching an indenter of a given geometric shape into a structural material with a prepared surface to be
evaluated. Along this process the force and the indentation depth is recorded during loading and
unloading. The basic idea of cyclic indentation is that such indentations can be performed at the
same location on a repetitive basis. Under these conditions the elasto-plastic area of the indentation
theoretically can be fatigued, as it is repeatedly pushed back by the pure elastic area underneath.
This process can be analyzed in terms of an intercycle difference in indentation depth or force
response. If a correlation between conventional material fatigue properties and the parameters determined through the cyclic indentation test could be determined, then an excellent means would
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be found allowing local fatigue properties to be determined on a near to non-destructive basis and
this virtually at location of interest in a component.
For this purpose a small cylindrical specimen was provided for each material as shown in Figure
14 and surface preparation was represented in the current chapter in section 3.2. The details on the
applied cyclic hardness test on the samples and test results and analysis on the data are given in
chapter 6.
It is worth noting that the cyclic indentation is considered a compression-compression loading
scheme, since the indenter applies triaxial compressive stress to the material [35]. Therefore uniaxial cyclic compression dominated tests, with stress ratios R < -1 were performed on the steels to
compare the results of cyclic indentation tests to uniaxial fatigue loading. Specimens as shown in
Figure 19 were designed to perform the cyclic compression dominated test, surface sample preparation was explained in the present chapter, section 3.3. This test was perform under load control.
In order to reach the cyclic plastic deformation through the compression cyclic loading and also
prevent buckling and ratcheting in this test, the range of the applied loads has been determined
by trial and error. At least five to six specimens were tested for each material to come up with
a reasonable applied stress range at this cyclic compression dominated test. The results analysis
of this test was represented in chapter 6, section 6.2.2.
The results of cyclic indentation tests were compared to the results of uniaxial cyclic compression
dominated tests, and a correlation between the cyclic parameter resulting from cyclic indentation
and the results from cyclic compression dominated test has been proposed.

Indentation hardness measurements
Before start to monitor the fatigue damage of the material by assessment of the surface hardness
development throughout the fatigue life, it is worthwhile to study the effect of applied indentation
load and indentation loading rate on the measured Vickers hardness. For this purpose the small
cylindrical specimens as shown in Figure 14 are provided and the details on the surface preparation is described in the current chapter in section 3.2. The Vickers hardness was measured under
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three differnt loading rate ad at each loading rate 5 different maximum indentation loads was applied to study the effect of the loading rate and maximum indentation load on the measured Vickers
hardness. Ten indentations in random locations was performed at each maximum applied loads and
loading rate. The details of the results are illustrated in chapter 7.

Surface damage monitoring throughout the fatigue life
Surface effects in fatigued materials are of particular importance, since in most cases the surface is
the preferred site of fatigue crack nucleation. A substantial amount of experimental investigations
[64-66] has revealed that fatigue damage evaluation prior to nucleation is primarily related to
the occurrence and development of localized plastic slip (called persistent slip bands (PSBs) or
slip marks (SMs)) resulting in extrusions and intrusions at material surface. This localized plastic
deformation in the surface not only influences the appearance of the material such as the surface
roughness [64], but also impact the mechanical properties of the material such as surface hardness,
toughness and stiffness in the surface layer [55, 67-69]. Therefore, it is interesting to study the
fatigue damage either from the surface relief evolution or from the mechanical property in the
surface layer of materials during cyclic loading.
For this purpose fatigue specimens was designed as illustrated in Figure 19. The designed flat
surface is helpful for an straightforward and accurate measurement of the surface hardness and
roughness. The surface preparation is explained in details in the current chapter, section 3.3 and
the chapter 8. Fatigue tests were running under fully reversal total strain control. During the test,
the load was continually monitored and hysteresis loops were recorded at appropriate intervals to
construct cyclic stress-strain response curves of the bulk material. In order to measure the values
of roughness and Vickers microhardness during cyclic loading,the fatigue testing was interrupted
at various chosen number of loading cycles, approximately seven times before failure for each
specimen. Two different strain amplitudes were conducted to assess the fatigue damage of the
material through the monitoring of the variation of surface hardness and roughness as two surface
characteristics. The cyclic behavior of the bulk material was monitored by variation of stress am-
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plitude response throughout the fatigue life. The results of this monitoring were discussed in detail
in chapter 8.
After an illustration on the methodology of the present research, in continue details on the material
properties and microstructure of the studied materials, geometry of the specimens, surface preparation of samples, and the instrumented used in the current research are discussed in the following
sections.

3.2

Materials selections and properties

The materials used for this study were: (a) 8620 steel cold drawn bar and (b) 4340 steel round bar
in annealed condition. These materials are high demanded in automotive and aerospace industries.
They provide a good combination of high strength and ductility. The chemical compositions of
8620 and 4340 steels are given in Table 3.
Table 3: Materials chemical composition (wt.%).
Material

C

Mn

P

S

Si

Cu

Ni

Cr

V

Mo

Al

8620 Steel

0.18

0.81

0.01

0.012

0.22

0.15

0.4

0.5

0.002

0.16

0.029

4340 Steel

0.39

0.74

0.013

0.022

0.26

0.14

1.66

0.78

0.007

0.25

0.029

The materials were supplied in the form of 0.75 (in) diameter round bars in cold drawn condition. In order to examine the microstructure, small cylindrical specimen was provided from each
round bar and the surface was ground using the silicon carbide papers with the 220, 320, 400 and
600 grits respectively. Then the ground surface was polished in two steps using aluminum oxide
powder in 5 micron and then aluminum oxide slurry in 1 micron, both applied on LECO Lecloth
polishing pad. Figure 14 shows the surface of the cylindrical specimens before grinding and after
polishing. This surface sample preparation method provided a mirror surface after polishing.
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(a) Rough Surface

(b) Mirror Surface

Figure 14: Material surface finish (a) before polishing and (b) after polishing.

Finally the mirror polished surface was etched with nital 2% and an optical microscope used
for examination. Microstructure observed by metallographic examination. Figure 15 shows the
microstructure for both materials by 200 magnification. Both materials have microstructures consisting of ferrite and pearlite based on the material certificate provided by the manufacturer 1 . In
this picture the black spots are pearlite colonies, and the white spots are ferrite grains.

(a) 8620 steel

(b) 4340 steel

Figure 15: Microstructure of 8620 and 4340 steels by 20X magnification.
1

Republic Steel
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3.3
3.3.1

Mechanical properties of materials
Tensile monotonic test

The monotonic tests were conducted using a uniaxial servohydraulic machine, MTS 810, under
displacement control to determine the monotonic properties of the steels. The applied displacement rate was 0.14 mm/sec. An MTS axial extensometer with gauge length of 15 mm was used
to measure the axial strain. Figure 16 shows the monotonic test results for both steels. The stress
versus strain was plotted for both steels. The Young’s modulus, yield stress and ultimate tensile
strength are obtained by analysis the data and listed in table 4.
It is worthwhile to mention that both present steels are very soft, so it was hard to determine the
elastic modulus. Therefore, the unloading-reloading was performed during the monotonic test to
have a better estimation of the elastic modulus via unloading parts. It might be noticed that the
unloading part can be helpful only if it is under very small strains. when the strain increases and
there is a large strain and plastic deformation, the slope of the unloading part is not equal to the
Young’s modulus of the material anymore, because of the residual stresses induced by the large
strain and plastic deformation.

3.3.2

Compression monotonic test

The monotonic compression test is also performed to compare the monotonic behavior of the steels
under tension and compression. For this purpose the monotonic compression test was performed
under displacement control, with 0.14 mm/sec displacement rate. The MTS axial extensometer
with gauge length of 15 mm was attached to the specimen to measure the strain. The test was
stopped when the specimen buckled. Figure 17 shows the results of the monotonic compression
test for both steels. The monotonic stress is plotted versus the strain. The slope of the stress-strain
curve in the plastic region is strain hardening exponent. When the slope of the curve goes to zero,
buckling happen. Therefore the strain is increasing by almost constant stress.
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Figure 16: Monotonic tensile stress-strain curve test results for 8620 and 4340 steels

Table 4: Mechanical Properties of 8620 and 4340 steels under monotonic tensile test.
Material

E (GPa) σY (MPa) σu (MPa)

8620 Steel

200

550

660

4340 Steel

200

600

830
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Figure 17: Monotonic compression stress-strain curve test results for 8620 and 4340 steels

3.3.3

Comparison between the monotonic tensile and monotonic compression test results

Figure 18 shows the comparison between monotonic tension and compression stress-strain curve
test results for both steels. To see the difference between engineering stress-strain curve under
tension and compression, the absolute values of stresses and strains are considered for monotonic
compression test. Figure 18 shows that the compression stress-strain curve is below the tensile
one for both steels. Table 5 shows a comparison between monotonic compression and tensile yield
stress for both steels. It shows the compression yield stress is less than the tensile one. Material
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history is one of the reasons for the difference between stress-strain curve in monotonic tension and
compression test. Cold drawn was performed on both steels as a part of manufacturing process. It
causes residual stresses in tension in the material. Then though plastic deformation happened during the manufacturing process and because of the strain hardening the yield stress of the material
under monotonic tensile test would be higher than one from the monotonic compression test.
Young’s modulus under monotonic tension and compression test assumed to be the same. Because Young’s modulus measures under elastic deformation and when the material goes through
a very small reversible deformation. Elastic deformation is related to the atomic bounds. During
the elastic deformation the distance between the atoms will increase or decrease but the force is
not enough to break the atomic bounds. Therefore the elastic deformation is reversible. Also the
slope of the stress-strain curve in the small linear part called Young’s modulus. The binding force
between atoms is an intrinsic property of the material then though the elastic modulus is one of
the intrinsic mechanical property of the material and it is the same under tension and compression
[70, 71].
Yield stress defines in a very small plastic deformation, 0.2 percent or 0.002 mm/mm plastic strain
for both tension and compression. As the plastic deformation increasing, because of strain hardening, the material becomes stronger, and the required stress for further plastic deformation will
increase. Material composition, heat treatment and manufacturing process like as prior history of
plastic deformation are the material effective parameters on the shape of the stress-strain curve
under tension or compression test and its corresponding material properties. By the way testing
conditions such as strain rate, temperature, state of stress imposed during the test, size and shape
of the specimen, measuring device and rigidity of the machine also effect the results [70]. Figure
18 shows that the stress-strain curve under tension and compression do not match together and
the compression curve fall below the monotonic tensile stress-strain curve. Because both steels
bars are cold drawn as part of the manufacturing process, then all the specimens are under prior
history of the plastic deformation and there are tensile residual stresses. In fact the tensile expansion applied in the manufacturing process causes a significant B auschinger e ffect. T he material
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properties under compression is significantly different than the tensile one, which are show in table 5. Heat treatment can be applied to eliminate the differences between the material properties
under tension and compression and reduces the Bauschinger effect [72].
The phenomena that causes lowering the yield stress and softening in the material by applying
the plastic deformation in one direction and then following that in the opposite direction, it called
Bauschinger effect. Actually when plastic deformation applied in one direction the density of the
dislocations and barriers that prevent the dislocation movement is increasing, then strain hardening
happen and more stress is required for more deformation. But if the direction of the deformation
opposites then the back stress developed by the pilling up the dislocations at barriers helps to the
movement and slip of the dislocations in the opposite direction. Furthermore the dislocation on the
opposite sign can be generated, and because the dislocations with the opposite signs attract each
other, it can more help to the dislocation movement and softening of the material. This cause the
yield stress under tension be greater than one under compression, and the material looks stronger
under tension than compression. However one have to note that reversal the direction of the plastic
deformation can not always cause softening of the material and falling the flow curve below the
original one for all metals [70].
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Figure 18: Comparison between tensile and compression monotonic stress-strain curve test results
for 8620 and 4340 Steels.

Table 5: Yield stresses of 8620 and 4340 steels under monotonic tensile test and monotonic compression test.
Material

8620 Steel

4340 Steel

Monotonic tensile yield stress (σY ) (MPa)

550

600

Monotonic compression yield stress (σY ) (MPa)

440

525
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3.4

Sample geometry and surface preparation

Metal fatigue failure originates mostly from localized weak areas at the free surface. Fatigue damage is related to the occurrence and the development of microplastic deformation during fatigue
process, so the resistance of microplastic deformation on the surface is target that reflects the fatigue damage resistance of metal components. The microhardness of a material shows the ability of
that material to resist microplastic deformation caused by indentation or penetration, and is closely
related to the plastic slip capacity of the material. Therefore it is significant to study, the variation
of resistance to microplastic deformation, or the resistance to fatigue damage on the surface by
investigation of evolution of microhardness on the surface during the fatigue life. It will be helpful
and meaningful not only in understanding the fatigue damage development and its physical nature,
but also in the search for a new way to evaluate the fatigue capacity of mechanical components
under service conditions by a non-damage method. In this study, the method of microhardness
measurement with a Vickers pyramidal indenter and roughness measurement are introduced to
investigate the fatigue behavior of metallic material during cyclic loading. For this purpose the
geometry of the test specimens is designed as depicted in Figure 19.
In order to eliminate the rough surface from milled specimen and obtain the surface finish to
satisfy the condition for cyclic loading and microhardness measurements, all specimens were
ground using cushioned sand belts with 800, 1200 and 1500 grits respectively. Therefore all the
transverse scratches are eliminated from the surface. Because all the specimens tests under axial
cyclic loading in the longitudinal direction. It means the transverse scratches are detrimental and
need to be eliminated from the surface before test. Figure 20 shows the surface of the specimens
testing section right after milling and polishing.
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Figure 19: Specimen geometry and dimensions (in).

(a) Milled Surface

(b) Polished Surface

Figure 20: Surface finish of the specimens testing section after (a) milling and (b) polishing.
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3.5

Instrumentation

In this section different facilities which used to run the experiments in this research are introduced.
Servohydraulic testing machine MTS 810
Servohydraulic testing machine MTS 810 was used to perform the monotonic and fatigue tests.
Figure shows MTS 810 testing machine. This machine has a maximum load capacity of 100 kN
and maximum actuator displacement of 150 mm. The controller working with Station Manager
software which allow to set up and run the tests.

Figure 21: Servohydraulic testing machine MTS 810.
Servohydraulic testing machine MTS 315
Servohydraulic testing machine MTS 315 was used to perform fatigue tests. This machine has
a maximum load capacity of 500 kN. The controller working with Multipurpose Elite software
which allow to set up and run the tests. This software is smarter than Station Manager, it has more
features and more flexibility to create, edit and run the tests.
Unfortunately because of lots of technical issues regarding to these two MTS testing machines
which cause none of them working well at the same time, we forced to switch between these two
machines for each test, depends on which one is working well on that time.
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MTS axial extensometer
The MTS axial extensometer 634-31E-24, with gauge length of 15 mm, was used to affix to the
samples to perform monotonic and cyclic tests using the MTS servohydraulic test machine and
measure the strain throughout the test.

Figure 22: MTS uniaxial extensommeter.

M-coat D acrylic lacquer
This air drying acrylic coating applied in thin coats on the surface edge of the specimens to prevent
sliding of the extensometer on the surface of the specimen. By the way this thin film protect the
surface of the specimens to cut by the knife of the extensometer. In fact this thin film can help to
prevent from making a crack by the knife and wire spring of the extensometer on the surface of the
specimen. This thin film was applied to both sides of all the monotonic and cyclic tests samples,
the sides which were in touch with knives and wore spring of the extensometer.

(b)

(a)

Figure 23: (a) M-coat D acrylic lacquer and (b) the applied thin film on the edge of the sample.
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Cushioned sand belt machine
The cushioned sand belt machine with frequency of 60 HZ and belt size of 1 inch width and 30
inches diameter was used to grind and polish the surface of the samples shown in Figure 19. In
order to be able to grind and polish the surface of such a specimen, we modified the design of the
sand belt machine as shown in Figure 24b.

(b)
(a)

Figure 24: (a) Original sand belt machine (b) Modified design of sand belt machine.

Metallographic sample grinder/polisher LECO VP-160
Leco VP-160 variable speed metallographic grinder/polisher was used to prepare a mirror surface
on the small cylindrical samples as shown in Figure 14. This machine has station polisher with 8
inches in diameter. The drive wheel speed is adjustable in the range of zero to 600 RPM.
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Figure 25: LECO VP-160 metallographic sample grinder/polisher.

Microindentation instrument FISCHERSCOPE HM2000
FISCHERSCOPE HM2000 micro indentation tester was used to measure the hardness on the surface of the samples and to perform the cyclic indentation tests. This instrument is suitable for
testing solid materials and coatings with the thickness of greater than one micrometer thickness,
and the test force range from 0.1 to 2000 mN. The WIN-HCU software controls the instrument and
handles the evaluation of the signals supplied by the instrument. WIN-HCU runs under Windows.
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Figure 26: FISCHERSCOPE HM2000 microindentation machine.

Surface roughness tester Mitutoyo SJ-210
Mitutoyo SJ-210 portable surface roughness tester was used to monitor the surface roughness
development throughout the fatigue life of the specimens. The surftest SJ-210 surface roughness
measuring instrument allows users to view surface roughness waveform on the built-in, color LCD
display. The display provides operators with sectional calculation results, assessed profiles,
load curves and amplitude distribution curves in addition to calculation results. Internal memory
stores up to 10 measurement conditions and one measured profile.
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Figure 27: Mitutoyo SJ-210 surface roughness tester.

So far the materials properties and microstructures, specimen geometry, samples surface preparation procedures and instrumentation used in the present experimental research are introduced. In
the next chapter the experimental procedure to study the cyclic stress-strain response of the presented materials and the experimental results are represented.
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4

CYCLIC STRESS-STRAIN CURVE EVALUATION USING
COMPANION SPECIMEN TESTS
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4.1

Introduction

In previous chapter the materials properties, microstructures, specimen geometry and surface
preparation of the samples of the present work was introduced. Now in this chapter the cyclic
stress-strain response of the present materials is investigated.
A knowledge of the cyclic stress-strain response of a material is necessary for the calculation of the
cyclic stresses and strains in bodies subjected to cyclic loading. It facilitates the design of materials with optimal resistance to cyclic loading and the assessment of their reliability in service. The
cyclic stress-strain (CSS) curve is most often evaluated from the constant strain amplitude test or
the constant plastic strain amplitude test. Different methods were discussed in Table 1 in chapter 1,
to determine the cyclic stress-strain curve of the materials. One of these methods was the constant
strain amplitude test. This is actually the basic traditional fatigue test. In this method, tests being
carried out on several specimens each using a different strain amplitude. The stress value at the
half life stage of each test is then plotted against the corresponding strain amplitude to compile the
cyclic curve. This test also called companion specimen test, and this word is used for this test procedure throughout the present work. In this chapter the experimental procedure and results from
the companion specimen tests under fully reversed strain control cyclic tests have been reported to
obtain the cyclic behavior of the present steels.

4.2

Experimental procedure

A servo-hydraulic universal testing machine MTS 810 was used to perform fully reversed strain
control cyclic tests. Sinusoidal wave form was applied under constant strain rate of 0.01 s-1 . The
applied strain amplitudes were in the range of 0.5% to 2%. All tests were performed in air and at
room temperature. The results are presented for both steels in terms of the hysteresis loops, and
the minimum and maximum stresses against applied cycles for each applied strain amplitude.
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4.3

Results and discussion

It can bee seen that for both steels and all the applied strain amplitudes, the stresses drop during the
initial cycles then reach an stabilized value. The drop of peak stresses represents material cyclic
softening. The softening is due to an increase in the density of mobile dislocations [73- 75].
The plots of minimum and maximum stresses against reversals (or cycles) are symmetrical under
stabilized state. Macro-crack initiation and propagation lowered the load carrying capacity of a
specimen further, which was indicated by a rapid fall in stress towards the end of life of a specimen.
Tables 6 and 7 show the calculated plastic strain amplitude and the stress amplitude for stabilized
cycle at each strain amplitude for 8620 and 4340 steels respectively. In stabilized cycle, the width
of the hysteresis loop at mean stress is considered as plastic strain range. The plastic strain amplitude is the half of the plastic strain range at mean stress.
The cyclic stress-strain (CSS) curve is defined as the curve which connects the tips of stabilized
hysteresis loops obtained at different plastic strain ranges. The cyclic stress-plastic strain curve
describes the dependence of the cyclic saturation stress amplitude on the plastic strain amplitude.
Figures 36 and 37 show a plot of the stress amplitude against the plastic strain amplitude in double
logarithmic scale for 8620 and 4340 steels respectively. The constant cyclic strength coefficient
(K) and strain hardening exponent (n) in the following equation are found by fitting a power law
dependence to the experimental points of the companion test.

σa = Kϵnpa
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(20)

(a)

(b)

Figure 28: (a) Hysteresis loop and (b) minimum and maximum stress vs reversal for steel 8620
under fully reversal strain control cyclic loading at 0.5% strain amplitude.
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(a)

(b)

Figure 29: (a) Hysteresis loop and (b) minimum and maximum stress vs reversal for steel 8620
under fully reversal strain control cyclic loading at 1% strain amplitude.
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(a)

(b)

Figure 30: (a) Hysteresis loop and (b) minimum and maximum stress vs reversal for steel 8620
under fully reversal strain control cyclic loading at 2% strain amplitude.
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(a)

(b)

Figure 31: (a) Hysteresis loop and (b) minimum and maximum stress vs reversal for steel 4340
under fully reversal strain control cyclic loading at 0.5% strain amplitude.
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(a)

(b)

Figure 32: (a) Hysteresis loop and (b) minimum and maximum stress vs reversal for steel 4340
under fully reversal strain control cyclic loading at 0.75% strain amplitude.
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(a)

(b)

Figure 33: (a) Hysteresis loop and (b) minimum and maximum stress vs reversal for steel 4340
under fully reversal strain control cyclic loading at 1% strain amplitude.
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(a)

(b)

Figure 34: (a) Hysteresis loop and (b) minimum and maximum stress vs reversal for steel 4340
under fully reversal strain control cyclic loading at 1.5% strain amplitude.
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(a)

(b)

Figure 35: (a) Hysteresis loop and (b) minimum and maximum stress vs reversal for steel 4340
under fully reversal strain control cyclic loading at 2% strain amplitude.
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Table 6: The stabilized stress amplitude and plastic strain amplitude for applied strain amplitudes
under fully reversal cyclic test on 8620 steel samples.
Applied strain amplitude εa (%)

0.5

1

2

Stress Amplitude σa (MPa)

400

436

486

Plastic strain amplitude εpa (%)

0.3

0.7

1.64

Figure 36: The stabilized stress amplitude plotted against plastic strain amplitude for 8620 steel.

71

Table 7: The stabilized stress amplitude and plastic strain amplitude for applied strain amplitudes
under fully reversal cyclic test on 4340 steel samples.
Applied strain amplitude εa (%)

0.5

0.75

1

1.5

2

Stress Amplitude σa (MPa)

435

484

506

585

570

Plastic strain amplitude εpa (%)

0.21

0.45

0.69

1.1

1.56

Figure 37: The stabilized stress amplitude plotted against plastic strain amplitude for 4340 steel.
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4.4

Conclusion

Fully reversed cyclic strain control companion tests have been carried out to study the cyclic behavior of two steels. The results from cyclic stress amplitude versus the fatigue life of both steels
show that the stress amplitudes drop in the beginning and both steels show an initial softening
for all applied strain amplitude. The stress amplitude values reach to an steady-state value after
a while. At the end of the fatigue life, the stress amplitude values dropped as a consequence of
macro-cracks initiation and propagation. The saturated stress amplitudes plotted versus the values
of the applied strain amplitudes in a double logarithmic scale and a power law line have been fitted
well to the data. The cyclic strain hardening exponent and the fatigue strength coefficient of the
material have been found by the fitted power law equation to the data for each steels.
In the next chapter a modified incremental step test is proposed as a shortcut procedure to obtain
the CSS curve. The cyclic stress-strain (CSS) curve for both steels, as obtained by the modified
incremental step test are compared with those obtained by the companion specimen test results
from this chapter.
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5

CYCLIC STRESS-STRAIN RESPONSE UNDER A MODIFIED INCREMENTAL STEP TEST PROCEDURE
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5.1

Introduction

A time saving method that uses only one specimen for the determination of the cyclic stress-strain
(CSS) curve is the incremental step test, as shown in Table 1 in chapter 1. In the incremental step
test procedure, the specimen is subjected to the loading sequence (block loading). In each block
the amplitude is first increased linearly with time up to a maximum amplitude, and then decreased
to a minimum amplitude value. This block is applied repeatedly until a stabilized behavior is established. Then the CSS curve is obtained simply by connecting the peak points in the stress-strain
course. A single specimen can be used for the experimental evaluation of the set of incremental
cyclic stress-strain curves. The set of these curves represents the specific case of the stress-strain
curves that characterize the stress-strain response in variable-amplitude loading.
In this chapter the cyclic stress-strain curves of 8620 and 4340 steels, as obtained by a proposed
modified incremental step test are compared with the results from the companion specimen tests at
constant strain amplitudes.

5.2

Experimental procedure

In the present work two types of test were carried out under strain control:
1. Fully reversal, linearly increasing and decreasing constant strain amplitude cyclic tests using
a sinusoidal strain-time waveform. These tests were carried out at several strain amplitudes,
with the strain rate maintained constant at 0.01 s-1 by the varying cyclic frequency.
2. A new loading block in the incremental step test procedure consists of linearly increasing
and decreasing strain ranges. This block of strain ranges is repeatedly applied to the tested
specimen. For a discrete number of levels M = 8, such a block is shown in Figure 38. The
strain increases with constant strain rate until it achieves the first strain maximum ε= 0.25%,
decreases to the minimum ε= -0.25% etc, and reaches the maximum strain εmax = 2% in a
block. Then the absolute values of the extremes decrease down to the absolute minimum
strain value in a block. In order to reach the stabilized state fast, each strain level has
repeated
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five times in a block. Within one block the following 2M extremes are present where M is
the number of strain levels in a block which here equals 8:

ϵi = iϵmax /M
ϵi = (2M − i + 1)ϵmax /M

f or

f or

i≤M

M < i ≤ 2M

(21)

Figure 38: Loading block used for the cyclic stress-strain curve evaluation using an incremental
step test procedure (strain vs time).

The servo hydraulic system MTS 810 was programmed using station manager to run the incremental step test on the cylindrical specimen. The geometry of the specimens is depicted in Figure
19 in chapter 3 and the surface preparation is illustrated in section 3.4 in chapter 3. The strain was
measured using an extensometer with a separation of edges of 15 mm. The results and discussion
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are presented separately for 8620 and 4340 steels.

5.3

Results and discussion

Figure 39 shows a stress-strain hysteresis loops in saturation of 8620 and 4340 steels cycled repeatedly with the block. Figure 40 demonstrates the half-cycle analysis in a block in the case of 8620
and 4340 steels subjected to two blocks of the incremental step test. Each block contains rising
and declining branches, each branch called half-cycle. In a block the strain amplitude increases
from 0.25% to 2% amplitude step by step in eight levels, each level is repeated five times, then
the strain amplitude decreases from 2% to 0.25% with the same procedure as rising branches. The
half-cycle analysis reflects the initial rapid cyclic softening, especially in the first block.
Figure 41 shows the full-cycle analysis in the case of 8620 and 4340 steels subjected to the incremental step test for the two first blocks. In full cycle analysis the stress and plastic strain amplitudes
in each strain amplitude level are the average amplitude values of the rising and declining branches
in a block. In other words the full-cycle analysis yields the average response within the loading
block.
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(a) 8620 Steel

(b) 4340 steel

Figure 39: Stabilized stress-strain hysteresis loops in incremental step test of (a) 8620 steel and (b)
4340 steel.
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(a) 8620 Steel

(b) 4340 steel

Figure 40: Stress amplitude plotted against plastic strain amplitude within the first two loading
blocks of (a) 8620 and (b) 4340 steels (Half-cycle analysis).
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(a) 8620 Steel

(b) 4340 steel

Figure 41: Stress amplitude plotted against plastic strain amplitude within the first two loading
blocks of (a) 8620 steel and (b) 4340 steels (Full-cycle analysis).
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In 8620 steel the specimen tolerated four full blocks and fracture happened in the fifth block
in the rising branch at 1.5% strain amplitude. The incremental step test leads to a cyclic saturation
state in this case. Cyclic saturation means that in the stress-strain path no further changes with
increasing block number can be observed.
In 4340 steel the specimen tolerated six full blocks and fracture happened in the seventh block in
the rising branch at 1.25% strain amplitude. In this case also a cyclic saturation state happened
during the block loading test. In saturation the stress amplitude values and the plastic strain amplitude for two branches are almost the same. The full-cycle analysis is close to the average of
both branches and gives the cyclic stress-strain curve for closed hysteresis loops of the applied
loading block. Therefore, only the procedure based on the full-cycle analysis was adopted for the
measurement of the cyclic stress-strain curve. Figure 42 shows the plot of the stress amplitude
against the plastic strain amplitude for various maximum strain amplitudes in the stabilized block.
On the same plot the dash line corresponds to the companion specimens cyclic stress-strain curve
found by fitting the power law dependence to the experimental points of the companion specimen
test results from section.
′

′

σa = K ϵnap

(22)

The comparison shows that for both steels, the cyclic stress-strain curve found on a single specimen do not differ from the curve measured on several specimen using companion specimens cyclic
test. The examination of the microstructural changes by transmission electron microscopy (TEM)
done by other researchers [4, 76- 79] verifies that cyclic stress-strain response of a material is
closely related to its dislocation structure. Cyclic loading with constant amplitude leads to the
formation of a characteristic dislocation arrangement that depends on the amplitude applied.
The comparison of the dislocation structure of the different metals cycled with different maximum
strain amplitudes (block loading) and the dislocation structures of the specimens cycled with constant strain amplitudes show that the dislocation structure of a specimen cycled with variable strain
amplitudes (block loading) is determined by the highest plastic strain amplitudes in a block. For
the highest strain amplitudes the cell structure of the secondary dislocation wall structure with a
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low cell diameter or a low wall separation is formed. When the strain amplitude decreases the
dislocation structure preserved [4, 76- 81].

5.4

Conclusion

In the present work a modified incremental step test has been proposed. The modified method
helps to reach the stabilized state quickly. The full cycle analysis in the stabilized block was used
to compare the results from the CSS curve with one from the companion specimen tests. The stress
amplitudes have been plotted against the plastic strain amplitude in double logarithmic scale. A
comparison with the results from the experiments performed on companion specimens shows that
the proposed incremental step test yields almost identical cyclic stress-strain curve at least for
the present steels. Therefore, an important finding is the possibility to evaluate the whole set of
incremental cyclic stress-strain curve using a single specimen only.
The microstructural and dislocations arrangement studies done by other researchers [4, 76- 81]
show that the dislocation arrangement in the incremental step test resembled that present in the
specimens tested in a basic cyclic test at an amplitude approximate to the maximum amplitude
used in the incremental step test.
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(a) 8620 Steel

(b) 4340 steel

Figure 42: Incremental cyclic stress-strain curve and the fitted companion specimen tests cyclic
stress-strain curve for (a) 8620 and (b) 4340 steels.
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6

APPLICATION OF CYCLIC INDENTATION IN ESTIMATION OF FATIGUE PROPERTIES OF STEELS

84

6.1

Introduction

In previous chapters the cyclic stress-strain response of the steels were studied using two different
methods (1) companion specimen tests and (2) a proposed modified incremental step test. The
tests procedures and the experimental results for each test method was reported and analyzed separately. Then a comparison between the results from the modified incremental step test and the
companion specimen tests was represented. The comparison results show that the proposed modified incremental step test can perfectly predict the cyclic stress-strain behavior and properties of
the presented steels as companion specimen test results.
Now in this chapter a non destructive procedure based on the cyclic indentation is proposed to
predict the cyclic stress-strain parameters of the materials. A correlation between the fatigue parameters of the material from the traditional fatigue tests and the cyclic parameters from the cyclic
indentation has been investigated.
Conventional fatigue life evaluation can be quite time and cost consuming. In the last decades the
use of different non-destructive techniques has increased to achieve short-time fatigue life evaluation. Proposed cyclic indentation testing is by far much faster compared with fatigue testing and
does not require a large amount of specially prepared specimens.
Hardness testing is traditionally used to determine material properties on a local basis by punching an indenter of a given geometric shape into a structural material with a prepared surface to be
evaluated. Along this process the force and the indentation depth is recorded during loading and
unloading. The basic idea of cyclic indentation is that such indentations can be performed at the
same location on a repetitive basis. Under these conditions the elasto-plastic area of the indentation
theoretically can be fatigued, as it is repeatedly pushed back by the pure elastic area underneath.
This process can be analyzed in terms of an intercycle difference in indentation depth or force
response. If a correlation between conventional material fatigue properties and the parameters determined through the cyclic indentation test could be determined, then an excellent means would
be found allowing local fatigue properties to be determined on a near to non-destructive basis and
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this virtually at location of interest in a component.
In this chapter some initial experimental results are provided, that could potentially be used to
perform an assessment of the fatigue properties of structural components using cyclic indentation.
For this purpose cyclic force-controlled hardness indentation tests is proposed on a planar metallic
surface. To characterize the cyclic elastic-plastic behavior of the test material, the change of the
force-indentation-depth-hysteresis is plotted versus the number of indentation cycles. In accordance to the plastic strain amplitude the indentation-depth width of the hysteresis loop is measured
at mean force and is called plastic indentation-depth amplitude. Its change as a function of the
number of cycles of indentation can be described by power-law. This power law contains a potential material hardening exponent, which is correlated with the amount of cyclic hardening in
conventional cyclic tests under compression dominated stresses.
In continue the experimental procedure and the results are illustrated.

6.2
6.2.1

Experimental procedure
Cyclic indentation test

Fischer HM200s instrumented indentation tester with a Vickers indenter was used to apply load
control cyclic tests on the planar material surface. For this purpose the small cylindrical metallographic samples of 8620 and 4340 steels as shown in Figure 14 in chapter 3, was provided. The
material surface was ground using the silicon carbide papers with the 220, 320, 400 and 600 grits
respectively. Then the ground surface was polished in two steps using aluminum oxide powder in 5
micron and then aluminum oxide slurry in 1 micron, both applied on LECO Lecloth polishing pad,
and a mirror surface as shown in Figure 14 in chapter3, was provided to perform cyclic indentation
test on the surface of the samples.
The cyclic indentation force was fluctuating between a minimum and maximum force. The force
values of 500 mN, 750 mN, 100mN, 1250 mN and 1750 mN were chosen as the maximum cyclic
forces. For each maximum force, 25 cyclic force control indentations performed at the same lo-
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cation of the planar material surface. Unloading was done to the minimum force of 10 mN and
not to zero to avoid lift-off of the indenter (lose of contact). During the tests the indentation force
and indentation depth was measured continuously. From the second cycle, a hysteresis loop is
formed. Figure 43 shows the plots of indentation force and displacement against time, and a forceindentation-depth-hysteresis loop for 8620 steel under maximum indentation force of 1750 mN as
an example. In analogy to the plastic strain amplitude, the half width of the indentation hysteresis
loop is measured at mean load and is named plastic indentation-depth amplitude ha,p . The change
of the plastic indentation-depth amplitude is plotted versus the number of indentation cycles.
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(a)

(b)

(c)

Figure 43: Illustration of the test procedure showing (a) Force versus time and (b) indentation
depth (h) versus time and (c) hysteresis loop for the 12th cycle with the definition of the plastic
indentation-depth amplitude ha,p .

88

6.2.2

Compression dominated cyclic test

A servo-hydraulic test system MTS 315 was programmed using Multipurpose Elite software to
perform compression dominated axial load-controlled cyclic tests with a frequency of 0.5 Hz and
a stress ratios (R = Pmin /Pmax ) less than -1 in ambient temperature. To determine the cyclic deformation behavior, plastic strain was measured with an extensometer. A schematic of the geometry
of the samples used in this experiment was illustrated in Figure 19 in chapter 3.
Figure 44, shows a loading procedure of the applied cyclic compression loads. Before starting the
cyclic compression dominated test, at first a f ully r eversed cyclic s train c ontrol t est u nder 0.5%
strain amplitude was applied to the material to eliminate initial cyclic softening and to stabilize an
initial material deformation. This initial stabilized deformation is helpful to measure plastic deformation by the subsequent cyclic compression dominated test. As it can be seen in Figure 44 the
maximum stress in the compression dominated tests increases with a load step of 50 MPa, while
the applied minimum stresses are constant in all steps. The absolute values for the minimum stress
in compression were chosen in a way that the cyclic yield stress is exceeded but not too high to
cause a buckling under compression. In this way the chosen values for the maximum stresses in
tension are less than the material cyclic yield stress and greater than 1/3 of it.

|σmin | ≥ σY

(23)

1
σY ≤ σmax ≤ σY
3

(24)

The applied maximum and minimum stresses in the cyclic compression dominated tests for 8620
and 4340 steels are given in Tables 8 and 9. In each step 300 cycles were applied to reach the fully
stabilized state.
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Figure 44: Schematic of the applied cycles in a cyclic compression dominated test.

Table 8: Applied cyclic compression dominated test on 8620 steel specimen.
σmin (MPa)

-380

-380 -380

-380

-380

σmax (MPa)

113

163

263

313

213

Table 9: Applied cyclic compression dominated test on 4340 steel specimen.
σmin (MPa)

-420

-420

-420

-420

-420

-420

σmax (MPa)

123

173

223

273

323

360
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6.3

Results and discussion

Figure 45 show the plastic indentation-depth amplitude ha,p as a function of the number of indentation cycles N for 8620 and 4340 steels. The ha,p values are higher at higher indentation forces due to
a larger plasticity deformed volume. In 8620 steel the changes of plastic indentation depth amplitude show an initial softening and then stabilized with increasing the number of cycles. However in
4340 steel the plastic indentation depth amplitude at first increases and then stabilized under maximum indentation forces less than 1000 mN. But under maximum load amplitudes greater than 750
mN, at first plastic indentation depth amplitude increases and then decreases to stabilized. Figure
46 shows the double logarithmic plot of the absolute maximum cyclic indentation force as a function of the stabilized plastic indentation-depth amplitude ha,p . The power law is used to describe
a relation between the absolute maximum indentation force and the plastic indentation-depth amplitude. In analogy to the cyclic stress-strain curve, the potential hardening exponent of material
from the cyclic indentation is defined by the exponent of the fitted power law equation.
Tables 10 and 11 show the results of compression dominated tests in terms of stress amplitude and
the plastic strain amplitude for 8620 and 4340 steels respectively. Figure 47 shows the stress amplitude as a function of plastic strain amplitude for the results from the companion specimen cyclic
tests and its fitting power law equation. The results from the cyclic compression dominated tests
are represented in the same plot. The comparison shows that in both steels, the cyclic stress-strain
curve found on a single specimen do not differ from the curve measured on several specimen using
companion specimen test. Thus, the introduced cyclic compression dominated test can be used to
estimate the cyclic strain hardening exponent of the material using only one specimen.

σa = Kϵnap

(25)

Figure 48 shows the fitted power law to the results from the compression dominated test for both
steels. Comparison between the power law equations from Figure 47 and Figure 48 show that the
cyclic strain hardening exponent result from the companion specimen test and cyclic compression
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dominated tests are somewhat similar but the cyclic strength coefficients are different.
Table 12 shows the potential hardening exponent of material from cyclic indentation test and the
cyclic strain hardening exponent from compression dominated tests for 8620, 4340 and 4130 steels.
In Figure 49 the strain hardening exponent from the cyclic compression dominated test plotted as
a function of potential hardening exponent of material from the cyclic indentation test for all three
steels and it shows a linear correlation. To improve this relation it suggest to test more different
steels to see if the results still follow a linear correlation.

Table 10: The stress amplitude and the plastic strain amplitude results from cyclic compression
dominated tests for 8620 steel.
σa (MPa)

247

272

297

322

347

εpa (%)

0.02

0.03

0.04 0.07

0.11

Table 11: The stress amplitude and the plastic strain amplitude results from cyclic compression
dominated tests from 4340 steel.
σa (MPa)

270

297

322

347

372

390

εpa (%)

0.0097

0.012

0.018

0.029

0.045

0.061
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(a) 8620 Steel

(b) 4340 Steel

Figure 45: Influence of indentation force on the plastic indentation-depth amplitude ha,p in cyclic
indentation for (a) 8620 and (b) 4340 steels.
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(a) 8620 Steel

(b) 4340 Steel

Figure 46: Maximum indentation force vs stabilized plastic indentation-depth amplitude ha,p in
cyclic indentation for (a) 8620 and (b) 4340 steels.
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(a) 8620 Steel

(b) 4340 Steel

Figure 47: Cyclic compression dominated test stress-strain curve data and the fitted basic cyclic
stress-strain curve for (a) 8620 and (b) 4340 steels in double logarithmic scale.
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(a) 8620 Steel

(b) 4340 Steel

Figure 48: Logarithmic cyclic stress-strain curve result from cyclic compression dominated test of
(a) 8620 and (b) 4340 steels.
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Table 12: Potential hardening exponent result from cyclic indentation and the strain hardening
exponent from cyclic compression dominated test for 8620, 4340 and 4130 steels.
8620 Steel 4340 Steel 4130 Steel

Material
Strain hardening exponent from cyclic compression dominated test

0.17

0.188

0.19

Potential hardening exponent of material from cyclic indentation

1.36

1.15

0.98

Figure 49: Correlation between the potential hardening exponent of material result from the cyclic
indentation and the strain hardening exponent from cyclic compression dominated test for steels.

Suraj Nikam [82], one of my colleagues in fatigue and fracture lab, also did the same study
on two aluminum alloys (6061 and 7075 Al). Figure 50 shows his results from the cyclic indentation. In this figure the maximum indentation load is plotted against the stabilized plastic
indentation-depth amplitude in double logarithmic scale for 6061 and 7075 aluminum alloys. The
comparison between this figure and Figure 46 shows that a power law equation describes well a
relation between the maximum indentation force and the plastic indentation depth amplitude in
cyclic indentation for steels an aluminum alloys.
In analogy to the cyclic stress-strain curve, the potential hardening exponent of material from the
cyclic indentation is defined by the exponent of the fitted power law equation. Figure 51 a plot of
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the potential hardening exponent of aluminum alloys from cyclic indentation test against the cyclic
strain hardening exponent from the companion tests on aluminum alloys reported by Suraj Nikam
[82]. The results show a linear correlation between the strain hardening exponent from companion fatigue tests and the potential hardening exponent from cyclic indentation. The comparison
between the results from this figure and the results from Figure 49 for steels shows a potential
for existence of a trend and a correlation between the potential hardening exponent from cyclic
indentation and hardening exponent from companion tests. further studies on more metals and alloys need to examine the general existence of a correlation between conventional material fatigue
property and the parameter determined through the cyclic indentation test.
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Figure 50: Maximum indentation force vs stabilized plastic indentation-depth amplitude ha,p in
cyclic indentation for (a) 6061 and (b) 7075 aluminum alloys [82].
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Figure 51: Correlation between the potential hardening exponent of material result from the cyclic
indentation and the strain hardening exponent from cyclic compression dominated test foe aluminum alloys [82].

6.4

Conclusion

In this section the elastoplastic behavior of 8620 and 4340 steels under cyclic indentation tests
compared with uniaxial cyclic testing, In analogy to plastic strain amplitude, the half width of the
indentation hysteresis loop is measured at mean load and called plastic indentation depth amplitude. Variation of plastic indentation depth with respect to applied cycles in cyclic indentation
tests on both steels show a initial softening followed by stabilization. A fitted power law explains
well a relation between the maximum indentation forces and stabilized plastic indentation depths
for each steel. The exponent in the fitted power law equation considered as a potential hardening
exponent of the material under cyclic indentation.
It is worth noting that the cyclic indentation is considered a compression-compression loading
scheme, since the indenter applies triaxial compressive stress to the material [35]. Therefore uniaxial cyclic compression dominated tests, with stress ratios R < -1 were performed on the steels
to compare the results of cyclic indentation tests to uniaxial fatigue loading. For this purpose at
first the results of the cyclic compression dominated tests were compared to the results from the
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companion specimen fatigue test. The results show a good agreement between the cyclic stress
strain curve from the companion specimen test and cyclic compression dominated test. It means
the cyclic stress-strain curve results from a cyclic compression dominated test on single specimen
can be use to determine the cyclic behavior of the bulk material. A power law fitted t o t he results from the double logarithmic scale of cyclic stress amplitude versus plastic strain amplitude of
cyclic compression dominated test. The exponent of the power law define the cyclic strain hardening exponent of the material.
The cyclic strain hardening exponent of the material from the cyclic compression dominated test
has been plotted versus the potential hardening exponent of the material from the cyclic indentation
in double logarithmic scale for 8620, 4340 and 4130 steels. A power law fitted well to the results
and show a potential correlation between the cyclic strain hardening exponent of the material and
the potential hardening exponent result from cyclic indentation. A comparison between the studied
results from the current work on steels and the research study on aluminum alloys by Suraj Nikam
[82] shows a potential for existence of a trend and a correlation between the potential hardening
exponent from cyclic indentation and hardening exponent from companion tests. However, further
studies on more metals and alloys need to examine the general existence of a correlation between
conventional material fatigue property and the parameter determined through the cyclic indentation test.
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7

INVESTIGATION OF LOAD DEPENDENCY AND EFFECT
OF LOADING RATE UPON MICROINDENTATION HARDNESS
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7.1

Introduction

As it mentioned before there are two main objective for this research study, first it is investigating
a non-destructive method to evaluate the fatigue properties of the material and the second one is
to investigate a technique to monitor the fatigue damage accumulation throughout the fatigue life
using the non-destructive quantifiable changes in the material surface properties. In previous chapter some initial experimental results were provided, that could potentially be used to perform an
assessment of the fatigue properties of structural components using cyclic indentation. In the next
chapters it will study the surface damage characters development including the surface hardness
and roughness to asses the fatigue damage throughout the fatigue life.
However, before investigating the fatigue damage by monitoring the surface hardness, it is worthwhile to study the effect of indentation maximum applied load and the influence of the indentation
loading rate on the hardness measurements values by instrumented microhardness tester. The results from this investigation is reported in the current chapter. Using this results a appropriate
maximum indentation load and loading rate is chosen for the investigation of damage monitoring
by development of surface hardness in the next chapter.
Indentation hardness testing is probably the most simple technique used to provide the mechanical
characteristics of a material. Among the large range of existing methods, the Vickers test is the
most widely use. For applied loads generally greater than 5 Kgf (49 N) the hardness is constant and
is called the standard (macro) hardness or the bulk Vickers hardness value. In contrast, for applied
loads less than 100 gf (1 N) (microhardness range) it is experimentally well established that the
apparent microhardness varies with applied load. Usually hardness increases with decreasing load,
and this effect is known as the indentation size effect [83, 84].
The majority of conventional microindentation hardness data is collected under quasi-static conditions. Indenter penetration rate is set to a nominal indenter velocity or loading rate. Usually the
rate is slow enough to avoid impact, yet fast enough that test cycle times are practical. Impact
load undenrestimates the hardness value when transient load spikes create oversized indentations.
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Many conventional hardness machines have dashpots, solenoids, or other mechanisms to
apply load smoothly and avoid impact [85].
In this chapter the effect of loading rate and the maximum applied force on the Vickers
hardness of 8620 and 4340 steels are investigated.

7.2

Experimental procedure

The Vickers hardness was measured on the surface of the specimen using a diamond
pyramidal indenter and a FISCHERSCOPE® HM2000 S microhardness tester. The surface of
the material was ground by the silicon carbide abrasive papers with 120, 240, 400, 600, 800
and 1200 grits respectively. Then polished in two steps by Aluminum oxide slurry in 5
micron and Alpha C Alumina slurry in 1 micron on the Lecloth polishing cloth from LECO
company. To study the effect of loading rate three different loading rates including 50, 100 and
150 mN/sec are applied. The maximum applied loads for each loading rate are 200, 500, 1000,
1500, 1900 mN. At each maximum load, 10 indentations in random locations on the polished
surface of the material are performed.

7.3

Results and discussion

Figures 52 and 53 show the measured Vickers hardness as a function of applied maximum load
for three different loading rates for 8620 and 4340 steels. Where each of the data points
represents an average of measurements from 10 tests. Vickers hardness increases with decreasing
indentation load and depth of penetration.

This so-called indentation size effect.

A significant ISE was observed for the test loading rate of 50 mN/sec and the test load less than
1500 mN for both steels. While at the same loading rate for the test load larger than 1500
mN the measure hardness is nearly independent on the applied load. However, it observed
that the hardness value changed a little with variation of indentation load under 150 mN/sec
loading rate. In other word the ISE decreases by increasing the loading rate. One explanation is
decreasing the work hardening of the material beneath the indenter under higher loading rate and
lower indentation load [85, 86].
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Figures 54 and 55 represent the scatter on the indentation load-displacement curves for 10 indentations applied under 100 mN maximum applied load with 50 mN/sec loading rate for 8620 and
4340 respectively. This scatter was observed on the measured results for all applied
indentation forces.

Figures 56 and 57 show the scatter on the measured hardness values under different maximum
load for 8620 and 4340 steels respectively. For 8620 steel, it looks there is more scatter on
the measured hardness for lower maximum loads (less than 1000 mN). While the scatter
decreases by increasing the maximum indentation load (greater than 1000 mN). However for 4340
steel, there is small scatter on the measured hardness values for all applied indentation loads.
There are different source of error (or several reasons) which can cause scatter of the measured
Vickers hardness at each load. One of the common explanation is the variability of material
properties and inhomo-geneities. Usually metals are consist of different phases. Here both
steels are dual phases steel including pearlite and ferrite phases. Some indents occur at or near
the interfaces of two phases, and this influences the response. The interaction depends on the
indent size and on the difference of properties of the phases [87]. Moreover at low loads, the
results are influenced m ore b y the random surface roughness of the indented place. Surface
layer can become harder due to strain hardening or residual stresses caused by plastic flow
during

polishing.

For

a

more

complete

review

see

[84,

87,

88].

Figures 58 and 59 show a series of load-penetration depth plots recorded at different maximum
loads in the polished surface of the 8620 and 4340 steels respectively. As it expected by
increasing

the

maximum

applied

load,

the

penetration

depth

increases.

Figure 60 display an optical image of the indentation impression under a load of 500 mN for 8620
steel. It shows the indentation impression in the interface of both phases. Therefore the
measured elasto-plastic response by such a indentation belongs to both existed phases in the steel.
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Figure 52: Effect of loading rate on the Vickers hardness for 8620 steel.

Figure 53: Effect of loading rate on the Vickers hardness for 4340 steel.
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Figure 54: Indentation size effect on 8620 steel for 50 mN/sec loading rate.

Figure 55: Indentation size effect on 4340 steel for 50 mN/sec loading rate.

107

Figure 56: Indentation size effect on 8620 steel for 50 mN/sec loading rate.

Figure 57: Indentation size effect on 4340 steel for 50 mN/sec loading rate.
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Figure 58: P-h curves in the polished surface of 8620 steel under different indentation loads with
50 mN/sec loading rate.

Figure 59: P-h curves in the polished surface of 4340 steel under different indentation loads with
50 mN/sec loading rate.
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Figure 60: An optical image of the Vickers indentation impression on 8620 steel surface at load of
500 mN.

7.4

Conclusion

The hardness value of 8620 and 4340 steels has been measured using an micro indentation hardness tester. In order to obtain a measured hardness value independent of the applied load, the test
load and loading rate verification have been performed. The results show that by increasing the
loading rate the hardness value at the low indentation loads is underestimated because there is no
enough time for material hardening beneath the indenter.
Study the indentation load dependency of the measured hardness values shows increasing the hardness value by decreasing the indentation load at low loading rate. It so-called indentation size
effect. Different parameters can effect ISE including e.g., material inhomogeneity and existence
of different phases in the microstructure, surface roughness, material pile up or sink in and so on
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[84, 87, 88]. These parameters also cause the scatter on the measured hardness value at the constant
load.
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8

FATIGUE DAMAGE EVALUATION OF TWO LOW ALLOY STEELS SUBJECTED TO CYCLIC STRAINING BASED
ON VICKERS MICROHARDNESS AND SURFACE ROUGHNESS EVALUATION

112

8.1

Introduction

In previous chapter the effect of loading rate and the maximum applied force on the Vickers hardness of 8620 and 4340 steels are investigated. The results from this study were helpful to choose
the right indentation load and indentation loading rate for further investigation in the current chapter to monitor the fatigue damage using evaluation of surface hardness throughout the fatigue life.
The fatigue process can be roughly divided into four stages: cyclic hardening/softening, crack
nucleation, crack propagation and fracture [3]. This multi-stage feature of fatigue process with
different damage mechanisms demands different quantitative treatments of fatigue damage. Currently, for the macro-crack propagation stages, fatigue damage has been well accepted to define as
the crack length, and crack growth life can be predicted by fracture mechanics method. In the case
of crack initiation stages, however, no widely acceptable definition of fatigue damage as well as
the method for measuring fatigue damage has been developed, although several engineering models have been proposed for predicting fatigue crack initiation life [64]. Surface effects in fatigued
materials are of particular importance, since in most cases the surface is the preferred site of fatigue crack nucleation due to higher plastic deformation. There are basically two reasons why the
cyclic plastic deformation is higher just at the surface: concentration of plastic deformation due
to higher stresses near the surface; and lower degree of constraint of the near surface volume of
cyclically loaded material [3]. A substantial amount of experimental investigations [64- 66] has
revealed that fatigue damage evaluation prior to nucleation is primarily related to the occurrence
and development of localized plastic slip (called persistent slip bands (PSBs) or slip marks (SMs))
resulting in extrusions and intrusions at material surface. This localized plastic deformation in
the surface not only influences the appearance of the material such as the surface roughness [64],
but also impact the mechanical properties of the material such as surface hardness, toughness and
stiffness in the surface layer [55, 67- 69]. Therefore, it is interesting to study the fatigue crack
nucleation damage either from the surface relief evolution or from the mechanical property in the
surface layer of materials during cyclic loading.
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8.2

Experimental procedure

Cylindrical specimens with 0.75” gauge length from 8620 and 4340 steels were milled from cold
drawn round bars with 0.75” diameter. The surfaces of the specimens were polished using sand
belts with 800, 1200 and 1500 grit sizes respectively and all the transverse scratches were eliminated by polishing.
Here it is worthwhile to mention that, Suraj Nikam [82], one of my colleagues in fatigue and
fracture lab, studied the effect of surface roughness on the microhardness measurement for two
aluminum alloys. For this purpose he provided six metallographic samples for each aluminum
alloys and make surface preparation under different levels of grinding and polishing. He measured
the hardness values using a microhardness tester under 1250 mN maximum load and loadingunloading rate of 50 mN/sec. His observations show that for both aluminum alloys by grinding
and polishing the surface beyond 800 grit, the surface roughness has minimal effect on the microhardness measurements. Therefore the maximum grit size for polishing the surface of the samples
at this part of study, was chosen based on his observation. Cyclic deformation to failure tests were
conducted in a servo hydraulic system of MTS 315, that was programmed using Multipurpose
Elite. All tests were conducted under fully reversal total strain control, applying sinusoidal waveform signal, at a constant strain rate of 0.01 s-1 and at room temperature and air environment. The
tests were continued until fracture with the strain amplitudes of 0.5% and 1%. During the test,
the load was continually monitored and hysteresis loops were recorded at appropriate intervals to
construct cyclic stress-strain response curves of the bulk material. In order to measure the values
of roughness and Vickers microhardness during cyclic loading,the fatigue testing was interrupted
at various chosen number of loading cycles, approximately seven times before failure for each
specimen. Tables 13 and 14 show the life intervals for 8620 and 4340 specimens under 0.5% and
1% strain amplitudes.
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Table 13: Life intervals for 8620 steel under fully reversal cyclic loading with 0.5% and 1% strain
amplitudes.
8620 Steel - 0.5% strain amplitude
Life interval (%)

6

Life in cycles (Nf ) 325

15

29

44

56

71

85

100

812

1624

2436

3086

3897

4708

5519

8620 Steel - 1% strain amplitude
Life interval (%)

7

Life in cycles (Nf ) 60

17

34

51

68

86

100

150

296

450

600

750

877

Table 14: Life intervals for 4340 steel under fully reversal cyclic loading with 0.5% and 1% strain
amplitudes.
4340 Steel - 0.5% strain amplitude
Life interval (%)

11

Life in cycles (Nf ) 659

28

55

83

91

100

1648

3297

4946

5425

5960

4340 Steel - 1% strain amplitude
Life interval (%)

8

Life in cycles (Nf ) 79

20

40

60

80

100

198

397

596

795

994

For each sample the surface roughness parameter Ra was measured in six different paths using
an stylus roughness tester, Mitutoyo SJ 210. In order to avoid making transverse scratches on the
surface, which impact the fatigue life of the material, the roughness was measured at the edges
of the surface with an 45◦ angle with respect to the longitudinal axis. On the other hand to avoid
115

the effect of the roughness scratches on the hardness measurement, the hardness was measured
on the other side of the sample. The hardness was measured using a pyramidal diamond Vickers
indenter and a FISCHERSCOPE® HM2000 S microhardness tester. The Vickers microhardness
measurements were performed at a maximum load of 1500 mN and constant loading and unloading
rate of 50 mN/sec. Vickers microhardness measurements were performed at randomly selected
places on the surface of the specimen within the gauge length and 10 separate indentations were
taken to evaluate the mean values as well as the standard deviations of the micohardness.

8.3

Results and discussion

Characteristic results of strain controlled fatigue tests of 8620 and 4340 steels at two different
strain amplitudes are shown in Figure 61. The development of the stress amplitude as a function
of the number of cycle at constant strain amplitudes represents the cycle-dependent deformation
resistance changes, or cyclic softening in the bulk material. As it seen from Figure 61 for both
applied strain amplitudes (0.5% and 1% strain amplitudes), the bulk material exhibits a cyclic
softening in the initial stage before reaching saturation state.
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(a) 8620 Steel

(b) 4340 steel

Figure 61: cyclic stress response curve of (a) 8620 and (b) 4340 steels in two different strain
amplitudes (0.5% and 1%).
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In Figure 62 both mean values and the standard deviations of Vickers microhardness were plotted versus the number of cycles for two different strain amplitudes for 8620 and 4340 steels, where
each data point implies the average of 10 measurement values, and the error bars represent plus
or minus one standard deviation of HV. It shows for both steels at all strain amplitudes the mean
values of the Vickers microhadness decrease with the increasing number of cycles and then reach
an stabilized value. The decreasing rate of the microhardness values is observed to be dependent
on the imposed strain amplitude, namely, the higher the applied strain amplitude, the larger the
rate of the decrease in the microhardness values. The experimental scatter of the microhardness
values is large in the individual measurement within the whole fatigue failure process. The error
bars suggest the inhomogenous features of the randomly oriented grains in the surface. In fact
the microhardness is structure sensitive and related closely to the intrinsic structural factors of the
tested specimen, including the crystal structure and the micro-graphic structure (grain size and
orientation, phase distribution), and the physicochemical state of the samples (twins, deformation
bands, precipitates, dislocations, stacking faults) [68].
A comparison of the cyclically induced changes in deformation resistance in the near surface regions, as shown in Figure 62, with that in the bulk material, as shown in Figure 61, is represented
in Figure 63 for cyclically deformed specimens for both steels (8620 and 4340 steels) tested at
two applied strain amplitudes (0.5% and 1%). Here the ordinate is the mean values of Vickers
microhardness and the stress amplitudes at any cycle have been normalized with respect to their
original values and the abscissa is the normalized fatigue life (N/Nf ). This figure indicates that, for
both steels at both applied strain amplitudes, both the surface layer and the bulk undergo an initial
softening stage followed by the stable behavior.
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(a) 8620 Steel

(b) 4340 steel

Figure 62: Variation of the Vickers microhardness with the number of cycles for (a) 8620 and (b)
4340 steels in two different strain amplitudes (0.5% and 1%).
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The examination of the microstructural changes by transmission electron microscopy (TEM)
done by other researchers [54, 75, 89, 90] on the prestrained ferritic-pearlitic steels verifies that
plastic deformation by cyclic loading involve substructure formation of dislocation which can be
characterized as low-energy dislocation structure (LEDS). These structures seem to be responsible
for the cyclic softening in these type of steels. In fact two basic processes have been indicated to
be responsible for fatigue softening. First, dislocations attempt to cluster together to reduce the
interaction energy. Therefore dislocations move from areas of low density to areas of high density.
The second basic process of fatigue softening is the mutual annihilation of dislocations. The most
dislocations in the deformation cell walls produced by monotonic deformation are paired with respect to sign. Dislocations of opposite sign will annihilate gradually and mutually during cyclic
deformation by cross-slip of screw dislocations and the climb of edge dislocations and eventually
the dislocation density arrives at the equilibrium density for a given stress amplitude. The saturation state in fatigue represents a dynamic equilibrium between dislocation creation and annihilation
[75].
The cyclic stress-strain curve is stabilized for the majority of the fatigue life. In saturation state the
plastic strain is concentrated in the persistent slip bands (PSBs). The redistribution of the cyclic
plastic strain leads to the modification of the internal structure of the PSBs and the specific structure of the PSBs including vein structures, ladder and wall structures of the persistent slip bands,
labyrinth structures and cell structures is formed, depending on the loading condition. The pronounced relief, consisting usually of extrusions and intrusions is formed at the locations where
PSBs emerge on the surface. At the tip of intrusions the primary fatigue cracks are initiated [4].
Ra represents an average value of the height and depth of all peaks and valleys in the movement
path of the stylus. Thus, the roughening due to cyclic load can be detected by monitoring Ra .
The mean values of the surface roughness (Ra ) have been normalized with respect to their original
values from the pristine specimen and evaluated as an fatigue damage characteristic.
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(a) 8620 Steel

(b) 4340 steel

Figure 63: Comparison of the cyclic deformation resistance in the surface layer with that in the
bulk of (a) 8620 and (b) 4340 steel.
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The results from the measured surface roughness as a function of fatigue damage are shown
in Figure 64 and 65 for 8620 and 4340 steels respectively. The surface roughness measurements
are represented for each steel at two different applied strain amplitudes. These plots represent both
mean values and the standard deviation of surface roughness (Ra ) versus the fatigue damage levels.
Each data point implies the average of six measurements values, and the error bars represent plus
or minus one standard deviation of Ra . These figures show a increasing trend in surface roughness
parameter as the fatigue damage is increasing up to the end of the fatigue test. These figures show
that the evolution of the surface roughness parameter occurs in three distinct stage.
In order to compare the rate of increasing surface roughness for each material at two different
applied strain amplitude cyclic loading, the mean values of the measured surface roughness are
normalized with respect to their original values from the pristine specimen and evaluated as an
fatigue damage characteristic. Figure 66 shows the normalized surface roughness (Ra /Rao ) against
the number of cycles at all applied strain amplitudes and for both steels. This figure shows an increasing trend in the surface roughness parameter as the number of cycles increases up to the end of
the fatigue test for both level of stain amplitudes and both steels. These results are consistent with
those reported by Haghshenas and Khonsari [62, 91] and can be used for the detection of the onset
of crack initiation. The evolution of the surface roughness can be divided into three distinct stages
[62, 91]. In the first stage, the specimen initially experiences a rapid increase in roughness due
to the changes occur in the defect structures of the prestrain material during cycling and primary
softening. In the second stage, the surface roughness exhibit a roughly linear increase. This trend
can be attributed to the damage accumulation in the material. In the second stage, defects tend
to dislocate. Surface roughness continue to grow because dislocations continue to move toward
the free surface due to cyclic straining and contribute further to increase the surface roughness.
At the end of the second stage, the roughness parameter undergoes an abrupt increase. This is an
indication of crack initiation in the specimen [62, 91]. It is worthwhile to mention that research
shows that the evolution of the damping value and the surface temperature during fatigue test show
a similar three stage behavior [62, 92- 95].
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Figure 66 also shows that the higher the strain amplitude, the greater is the rate of increase of the
surface roughness parameter (Ra ). Applied stress is directly proportional to the number of dislocations created in the material so that the higher the applied stress, the greater is the dislocation
density and the resulting plastic deformation. Therefore, for specimens undergoing higher stress
(strain) level, a higher rate of growth in surface roughness is expected leading to an eventually
shorter life as shown in Figure 66. This finding agrees well with the observations from other researchers [17, 96], who studied the effect of applied stress or strain amplitude on the emergence of
PSBs and the growth size and numbers of extrusions and intrusions on the surface of the material.
At the end it is worthwhile to mention that the vertical resolution of the stylus is sensitive enough
to detect the height and depth of the extrusions and intrusions within the slip bands when surface
roughness is below a certain value. For some cases (after crack initiation), the stylus has some
limitations to measure high surface slopes [62]. However the aim of this study is to monitor the
surface roughness evolution through the fatigue life, and detect the onset of macrocrack initiation,
and the studies by other researchers [62] show that the results are accurate enough for this purpose.
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(a) 8620 steel- 0.5% Strain amplitude.

(b) 8620 steel- 1% Strain amplitude.

Figure 64: Surface roughness measurements versus the fatigue damage for different applied strain
amplitude fatigue tests for 8620 steel.
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(a) 4340 steel- 0.5% Strain amplitude.

(b) 4340 steel- 1% Strain amplitude.

Figure 65: Surface roughness measurements versus the fatigue damage for different applied strain
amplitude fatigue tests for 4340 steel.
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(a) 8620 Steel

(b) 4340 steel

Figure 66: Evolution of normalized surface roughness parameter (Ra /Rao ) as a function of number
of cycles of (a) 8620 and (b) 4340 steel for two different strain amplitudes (0.5% and 1%).

126

8.4

Conclusion

The experimental investigation of cyclic deformation behavior in both bulk and the near surface
regions of 8620 and 4340 steels during fatigue at room temperature supports the following conclusions:
1. During fatigue, the cyclic stress response of the bulk material revealed combinations of cyclic
softening and stable behavior for both steels and under all applied strain amplitudes. The
measured values of Vickers microharness at the surface of both steels during the fatigue
life represents a decreasing cyclic deformation resistance, or fatigue softening followed by
an stable behavior. A comparison of the cyclic deformation resistance changes in the near
surface regions with that in the bulk indicates that, at the applied strain amplitudes, both
the surface layer and the bulk layer of both steels, undergo a similar behavior of an initial
softening stage followed by a region of nearly stable cyclic response during the fatigue life.
2. The investigation of the surface roughness shows that at all levels of strain amplitude, an
increase in the values of the surface roughness parameter (Ra) was observed with the increase
of the fatigue cycles. It is shown that the evolution of the surface roughness parameter
occurs in three distinct stages, which can represent damage accumulation in the material.
The observations were in agreement with the observations by Haghshenas and Khonsari
[62, 91], who reported the same trend for the surface roughness evolution. They came to the
conclusion that at the very beginning of the third stage and in the final stage microcracks
initiate and coalesce into a macrocracks(s) where the surface roughness shows an abrupt
increase. Fracture occurs soon thereafter and the specimens break into two pieces.
The measured surface roughness values for both steels in two different strain amplitudes
show the higher the applied stress, the higher is the rate of increase of surface roughness
parameter (Ra).
At the end it is worthwhile to mention that the technique of the evaluation of the surface
roughness evolution in order to detect the onset of the macrocracks initiation in the specimen
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can be useful for the materials that the crack initiates on the surface. For the material that
the crack initiates from subsurface, this technique expect not to be useful.
3. The obtained results from the current study show that the variation of the Vickers microhardness during cycling reveals some characteristics of fatigue damage evolution prior to
nucleation of fatigue cracks. However evaluation of the surface roughness variation during
the cyclic loading can be utilized to detect the onset of fatigue crack nucleation.

Next chapter is provided a brief summary from the presented research study.
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9 SUMMARY, CONCLUSIONS, AND FUTURE WORKS
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Fatigue is the most common type of failure in many structures and components subjected to
cyclic loading. One of the most concerning issues in fatigue analysis is the difficulty in detection,
measuring and assessing the fatigue damage prior to macroscopic crack initiation in the material. However, the microstractural changes and dislocation arrangements prior to crack nucleation,
causes the variation of physical and mechanical properties of the material through the cyclic loading. These variations in physical and mechanical properties of the material is used by researchers to
establish different nondestructive methods for fatigue process damage monitoring. In most cases,
cracks initiate at the surface. Therefore study variation of physical and mechanical properties at the
surface is used by many researchers to develop non/semi destructive methods for fatigue damage
monitoring. While progress has been made, a reliable methodology for the determination of the
onset of crack remains elusive.
The objective of the presented research study was to investigate a technique to monitor the fatigue
damage accumulation throughout the fatigue life using the non-destructive quantifiable changes
in the material surface properties. The present contribution also is investigating a non-destructive
method to evaluate the fatigue properties of the material. Because considering the fatigue phenomenon as one of the primary causes of engineering failures, traditional fatigue testing may not
be always possible to conduct considering the size, with well defined geometry, and quantity of the
test samples. Examples of the cases where traditional fatigue may not be logical choice are brittle
materials, structures with variation in local properties, small volumes like as thin films, coatings,
two dimensional materials and etc.
For these purposes this dissertation is defined and a brief summary of the subject, the experimental
procedures, results and data analysis that discussed previously in this manuscript will review here.

An introduction on the fatigue phenomenon and cyclic stress-strain response, microstructural
changes, dislocation arrangement, fatigue crack initiation and effect of microstructure, micromechanisems of the plastic deformation and surface roughness formation and development throughout
the fatigue life is discussed in chapter 1. It mentioned that all these microstructural changes and
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dislocation movement and arrangement throughout the fatigue life causes the variation in physical
and mechanical properties of the material which is the basis of the ideas for development of the
non-destructive methods to monitor the fatigue damage process. Different non destructive method
developed by the researchers is explained in chapter 1. Among them the nondestructive methods
base on the surface damage monitoring through out the fatigue life use two surface characters, surface hardness and roughness is investigated in this research. therefore a brief review on the surface
roughness and hardness measurements and the corresponding measured parameters is represented.

In chapter 2, a literature review is done on the application of cyclic indentation for evaluation
of fatigue properties of the materials. at the end it was mentioned that even though the reviewed
research works show the proposed methods by other researchers are successful, of course in various degree of success, to correlate the data from cyclic indentation to the properties results from
conventional fatigue tests, however, reliability, case/material dependency and applicability of the
proposed method needs to be investigate. Further research works need to do more investigation
on correlation between the data result from the cyclic indentation and the fatigue properties result
from conventional fatigue test.
In this chapter also the papers on the subject of evaluation of surface damage monitoring to evaluate the fatigue damage of the material are reviewed. This literature review show a number of
researchers have studied the variation of surface physical and mechanical properties throughout
the fatigue life, and with varying degree of success, found indicators of fatigue damage. The indicators have contributed to the perspectives of both better understanding the fatigue phenomenon
and better predicting the remaining fatigue capacity. However reliability, advantages, weaknesses,
case/material dependency and applicability of these methods still need to investigate.

In chapter 3, the materials used in the current research study are introduced. The material properties, microstructure, specimen geometry, samples surface preparations and the equipment used
to perform the experimental works are illustrated.
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In chapter 4, the results from the cyclic behavior of 8620 and 4340 steels under fully reversed
cyclic strain control have been reported. For this purpose a servo-hydraulic testing machine MTS
810 was used to perform sinusoidal wave form with constant strain rate of 0.01 s-1. For each specimen The applied strain amplitude was chosen in the range of 0.5% to 2%. The results show a
initial softening behavior followed by an steady-state response. The steady-state stress amplitudes
plotted versus the plastic strain amplitudes in a double logarithmic scale and a power law line have
been fitted well to the data. The cyclic strain hardening exponent (n’) and the fatigue strength coefficient (K’) of the material have been found by the fitted power law equation to the data for each
steels.

Incremental step test is a time saving method that uses only one specimen to determine the
cyclic stress-strain curve. In chapter 5, a modified incremental step test has been proposed. In
this method the specimen is subjected to repeated blocks of strain waveforms in which the strain
amplitudes linearly increases and then decrease. In this modified method each level of strain in a
block is repeated five times, which shorten the time of the experiment.
The cyclic stress-strain curve have been studied for the first two blocks. The stress amplitude plotted against the plastic strain amplitude in double logarithmic scale. The results show the degree of
softening of the material within these two blocks.
This plot has been investigated for the stabilized block in full cycle analysis. A comparison between the results in the same plot show that the results from the incremental step test on a single
specimen do not significantly differ from the power law fitted line found on data from companion
specimen tests for both steels.
The microstructural and dislocations arrangement studies done by other researchers [80, 81]
shows that the dislocation arrangement in the incremental step test resembled that present in the
specimens tested in a companion cyclic test at an amplitude approximate to the maximum
amplitude used in the incremental step test.

132

In chapter 6, the behavior of the material under cyclic indentation has been studied. For this
purpose Fischer HM200s instrumented indentation tester with a Vickers indenter was used to perform 25 cyclic force control indentations at the same location of the planar material surface. The
maximum applied force was in the range of 500 mN to 1750 mN and unloading was done to the
minimum force of 10 mN. From the second cycle an indentation force-indentation depth hysteresis
loop is formed. In accordance with the determination of plastic strain amplitude, the indentation
depth width of the hysteresis loop was measured at mean load and named plastic indentation depth
amplitude. Change of the plastic indentation-depth amplitude was plotted versus the number of
indentation cycles for each maximum applied cyclic indentation force. The results show a initial
softening and then stabilized at all applied maximum indentation force. The values of the stabilized plastic indentation depth amplitudes plotted versus the maximum indentation force in double
logarithmic scale. A power law is fitted well to the r esults. In analogy to the cyclic stress-strain
curve, the slop describes a potential cyclic hardening exponent in cyclic indentation.
It is worth noting that the cyclic indentation is considered a compression-compression loading
scheme, since the indenter applies triaxial compressive stress to the material [35]. Therefore uniaxial cyclic compression dominated tests, with stress ratios R < -1 were performed on the steels to
compare the results of cyclic indentation tests to uniaxial fatigue loading under cyclic compressive
stresses.
The uniaxial cyclic compression dominated tests were performed on a servohydraulic test system
under stress controlled condition with a step length of 300 cycles and load steps of 50 MPa. The
applied stress amplitudes are plotted versus the stabilized plastic strain amplitudes in a double logarithmic scale, and the results were compare with the results from the companion specimen test
from Chapter 4. The results from the cyclic compression dominated test can be approximate with
the power law fitted to the companion test r esults, especially for 4340 s teel. It means the cyclic
compression dominated test can be use to characterize the material behavior under cyclic compression stresses.
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The cyclic strain hardening exponents result from the power law fitted to the cyclic compression
dominated tests were plotted against the material potential hardening exponent from the cyclic indentations on 8620, 4340 and 4130 steels. A power law fitted to the results. This study shows that
there is a correlation between conventional material fatigue property and the parameter determined
through the cyclic indentation test. However, further studies on more engineering alloys need to
examine the general existence of a correlation between conventional material fatigue property and
the parameter determined through the cyclic indentation test.
In chapter 7, the dependency of the measured Vickers hardness value to the applied load and loading rate has been investigated. For this purpose the FISCHERSCOPE® HM2000 S microhardness
tester has been used with an Vickers indenter. Three different loading rates (50, 100, 150 mN/sec)
have been studied under five d ifferent i ndentation l oads ( 200, 5 00, 1 000, 1 500, 1 900 m N). The
results for indentations applied to the polished surface of 8620 and 4340 steels have been reported.
The results show that by increasing the loading rate, the hardness value at low indentation loads is
underestimated because there is no enough time for material hardening beneath the indenter.
Study the indentation load dependency of the measured hardness values shows increasing the hardness by decreasing the indentation load at low loading rate. It so-called indentation size effect
(ISE). Different parameters can effect ISE including e.g., material inhomogeneity and existence
of different phases in the microstructure, surface roughness, material pile up or sink in and so on
[84, 87, 88]. These parameters also cause the scatter on the measured hardness value at the constant load.

Surface effects in fatigued materials are of particular importance, since in most cases the surface is the preferred site of the origin of fatigue damage as a result of repeated cyclic plastic
straining. In chapter 8 hardness and roughness measurements are used as two surface characters of
material to monitor fatigue damage on the surface layer of 8620 and 4340 steels. For this purpose,
the values of the Vickers microhardness and the surface roughness on the surface of the specimen
are measured periodically under two different strain amplitudes (0.5% and 1%) during cyclic load-
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ing.
The results show that the measured values of Vickers microharness at the surface of both steels
during the fatigue life represents a decreasing cyclic deformation resistance, or fatigue softening
followed by an stable behavior. A comparison of the cyclic deformation resistance changes in the
near surface regions with that in the bulk indicates that, at the applied strain amplitudes, both the
surface layer and the bulk layer of both steels, undergo a similar behavior of an initial softening
stage followed by a region of nearly stable cyclic response during the fatigue life.
The investigation of the surface roughness shows that at all levels of strain amplitude, an increase
in the values of the surface roughness parameter (Ra ) was observed with the increase of the fatigue
cycles. It is shown that the evolution of the surface roughness parameter occurs in three distinct
stages, which can represent damage accumulation in the material. The observations were in agreement with the observations from other researchers [62, 91], who reported the same trend for the
surface roughness evolution and stated that at the very beginning of the third stage and in the final
stage microcracks initiate and coalesce into a macrocracks(s) where the surface roughness shows
an abrupt increase and fracture occurs soon thereafter.
The results from the measured surface roughness values for both steels in two different strain amplitudes show the higher the applied stress, the higher is the rate of increase of surface roughness
parameter (Ra ).
In summery the obtained results from this section show that the variation of the Vickers microhardness during cycling reveals some characteristics of fatigue damage evolution prior to nucleation of
fatigue cracks. However evaluation of the surface roughness variation during the cyclic loading
can be utilized to detect the onset of fatigue crack nucleation.

9.1

Future works

In section some initial experimental results have been provided, that could potentially be used to
perform an assessment of the fatigue properties of structural components using cyclic indentation.
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However, it is interesting to study the effect of the following parameters on the results:
• Effect of high cycle indentation fatigue
• Effect of loading rate or applied frequency on cyclic indentation results
• Effect of indenter shape
It means compare the results cyclic indentation from Vicker indenter and spherical indenter
and flat cylindrical indenter
• Microstructure study
Microstructure study by TEM, SEM, EBSD, OM, FIB, AFM help to understand the material
behavior under cyclic indentation for various applied loads.
• Effect of heat treatment on the behavior of the material
In this research two kinds of ferritic-pearlitic steels were studied which both go under cyclic
softening. By applying a heat treatment we can study the effect of different phases on the
results from the cyclic indentation. For example by applying austenitizing heat treatment
and making austenite and martensite in the microstructure we can study the effect of cyclic
indentation on these phases.
At last it is worthwhile to mention that the cyclic indentation fatigue seems to be a suitable method
for evaluating the fatigue response of a broad range of materials (e.g., materials involved in electromechanical systems, biological systems, structures, etc.) and needs yet to be investigated. Moreover, the effect of the dimension of the specimen, testing parameters, dislocation structure, interface, and surface, characterization method on fatigue behavior of materials and the approach to
correlate the indentation fatigue and conventional fatigue are a field of intensive research.
In section hardness and roughness were used as two surface characters of material to monitor fatigue damage on the surface layer of 8620 and 4340 steels. Results from this study show that the
microhardness measurement can only predict the initial softening/hardening behavior of he material and it failed to predict fatigue damage throughout the fatigue life. Beside, it seems roughness
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measurement can be a promising method to predict fatigue damage accumulation throughout the
cyclic loading. However, the variation of different roughness parameters (involving Rv , Rp , Rq )
throughout the fatigue life, reliability and case dependency of this method need to be yet investigated. Moreover, more studies need to be done about the effect of shape of the indenter, material
and microstructure dependency and the effect of values of the applied indentation load. By the
way using high resolution methods to study the microsructure evolution throughout the fatigue life
will help in understanding the fatigue damage mechanisms and development. At the end it should
be noted that continued research towards the field of damage measurement, through microstructural changes for the crack initiation phase, helps both in understanding of fatigue mechanisms and
developing damage accumulation rules.
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Appendix A
Material properties of 4130 steel
The chemical composition of 4130 steel is given in Table A.1.
Table A.1: Material chemical composition (wt.%).
Material

C

Mn

P

S

Si

Cu

Ni

Cr

V

Mo

Al

4130 Steel

0.28

0.46

0.011

0.013

0.2

0.13

0.1

0.89

0.005

0.18

0.026

Figure A.1 shows the microstructure of 4130 steel by 200 magnification. This microstructure is
consisting of ferrite and pearlite based on the material certificate provided by the manufacturer 2.
In this picture the black spots are pearlite colonies, and the white spots are ferrite grains.

Figure A.1: Microstructure of 4130 steel by 20X magnification.

2

Republic Steel
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Mechanical properties of materials
Tensile monotonic test
The monotonic test was conducted using a uniaxial servohydraulic machine, MTS 810, under displacement control to determine the monotonic properties of the steel. The applied displacement
rate was 0.14 mm/sec. An MTS axial extensometer with gauge length of 15 mm was used to measure the axial strain. Figure A.2 shows the monotonic test result for 4130 steel. The stress
versus strain was plotted for 4130 steel. The Young’s modulus, yield stress and ultimate tensile
strength are obtained by analysis the data and listed in Table A.2.

Figure A.2: Monotonic tensile stress-strain curve test result for 4130 steel.
Table A.2: Mechanical Properties of 4130 steel under monotonic tensile test.
Material

E (GPa)

σY (MPa)

σu (MPa)

4130 Steel

200

450

630

150

Compression monotonic test
The monotonic compression test is also performed to compare the monotonic behavior of the steels
under tension and compression. For this purpose the monotonic compression test was performed
under displacement control, with 0.14 mm/sec displacement rate. The MTS axial extensometer
with gauge length of 15 mm was attached to the specimen to measure the strain. The test was
stopped when the specimen buckled.
Figure A.3 shows the results of the monotonic compression test for both steels. The monotonic
stress is plotted versus the strain. The slope of the stress-strain curve in the plastic region is strain
hardening exponent. When the slope of the curve goes to zero, buckling happen. Therefore the
strain is increasing by almost constant stress.

Figure A.3: Monotonic compression stress-strain curve test result for 4130 steel.
Comparison between the monotonic tensile and monotonic compression test results
Figure A.4 shows the comparison between monotonic tension and compression stress-strain
curve test results for both steels. To see the difference between engineering stress-strain curve
under tension and compression, the absolute values of stresses and strains are considered for
monotonic compression test. Figure A.4 shows that the compression stress-strain curve is below
the tensile one for both steels. Table A.3 shows a comparison between monotonic compression
and tensile yield
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stress for both steels. It shows the compression yield stress is less than the tensile one. Material
history is one of the reasons for the difference between stress-strain curve in monotonic tension and
compression test. Cold drawn was performed on both steels as a part of manufacturing process. It
causes residual stresses in tension in the material. Then though plastic deformation happened during the manufacturing process and because of the strain hardening the yield stress of the material
under monotonic tensile test would be higher than one from the monotonic compression test.
Young’s modulus under monotonic tension and compression test assumed to be the same. Because Young’s modulus measures under elastic deformation and when the material goes through
a very small reversible deformation. Elastic deformation is related to the atomic bounds. During
the elastic deformation the distance between the atoms will increase or decrease but the force is
not enough to break the atomic bounds. Therefore the elastic deformation is reversible. Also the
slope of the stress-strain curve in the small linear part called Young’s modulus. The binding force
between atoms is an intrinsic property of the material then though the elastic modulus is one of
the intrinsic mechanical property of the material and it is the same under tension and compression
[70, 71].
Yield stress defines in a very small plastic deformation, 0.2 percent or 0.002 mm/mm plastic strain
for both tension and compression. As the plastic deformation increasing, because of strain hardening, the material becomes stronger, and the required stress for further plastic deformation will
increase. Material composition, heat treatment and manufacturing process like as prior history of
plastic deformation are the material effective parameters on the shape of the stress-strain curve
under tension or compression test and its corresponding material properties. By the way testing
conditions such as strain rate, temperature, state of stress imposed during the test, size and shape
of the specimen, measuring device and rigidity of the machine also effect the results [70].
FigureA.4 shows that the stress-strain curve under tension and compression do not match together
and the compression curve fall below the monotonic tensile stress-strain curve. Because both steels
bars are cold drawn as part of the manufacturing process, then all the specimens are under prior
history of the plastic deformation and there are tensile residual stresses. In fact the tensile expan-
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sion applied in the manufacturing process causes a significant B auschinger e f fect. T he material
properties under compression is significantly different than the tensile one, which are show in table A3. Heat treatment can be applied to eliminate the differences between the material properties
under tension and compression and reduces the Bauschinger effect [72].
The phenomena that causes lowering the yield stress and softening in the material by applying
the plastic deformation in one direction and then following that in the opposite direction, it called
Bauschinger effect. Actually when plastic deformation applied in one direction the density of the
dislocations and barriers that prevent the dislocation movement is increasing, then strain hardening
happen and more stress is required for more deformation. But if the direction of the deformation
opposites then the back stress developed by the pilling up the dislocations at barriers helps to the
movement and slip of the dislocations in the opposite direction. Furthermore the dislocation on the
opposite sign can be generated, and because the dislocations with the opposite signs attract each
other, it can more help to the dislocation movement and softening of the material. This cause the
yield stress under tension be greater than one under compression, and the material looks stronger
under tension than compression. However one have to note that reversal the direction of the plastic
deformation can not always cause softening of the material and falling the flow curve below the
original one for all metals [70].
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Figure A.4: Comparison between tensile and compression monotonic stress-strain curve test results
for 4130 Steel.
Table A.3: Yield stress of 4130 steel under monotonic tensile test and monotonic compression test.
Material

4130 Steel

Monotonic tensile yield stress (σY ) (MPa)

450

Monotonic compression yield stress (σY ) (MPa)

395

Cyclic indentation test results for 4130 steel
Experimental procedure of cyclic indentation test
Fischer HM200s instrumented indentation tester with a Vickers indenter was used to apply load
control cyclic tests on the planar material surface. For this purpose the small cylindrical metallographic sample of 4130 steel as shown in Figure 14 in chapter 3, was provided. The material
surface was ground using the silicon carbide papers with the 220, 320, 400 and 600 grits respectively. Then the ground surface was polished in two steps using aluminum oxide powder in 5
micron and then aluminum oxide slurry in 1 micron, both applied on LECO Lecloth polishing pad,
and a mirror surface was provided for cyclic indentation test.
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The cyclic indentation force was fluctuating between a minimum and maximum f orce. The force
values of 500 mN, 750 mN, 100mN, 1250 mN and 1750 mN were chosen as the maximum cyclic
forces. For each maximum force, 25 cyclic force control indentations performed at the same location of the planar material surface. Unloading was done to the minimum force of 10 mN and
not to zero to avoid lift-off of the indenter (lose of contact). During the tests the indentation force
and indentation depth was measured continuously. From the second cycle, a hysteresis loop is
formed. The experimental procedure to perform cyclic indentation test was illustrated thoroughly
in chapter 6. Here only the results from the applied cyclic indentation test on the small cylindrical
metallographic sample of 4130 steel is represented.

Cyclic indentation test results for 4130 steel
In analogy to the plastic strain amplitude, the half width of the indentation hysteresis loop is measured at mean load and is named plastic indentation-depth amplitude ha,p. Figure A5 show the plastic indentation-depth amplitude ha,p as a function of the number of indentation cycles N for 4130
steel. The ha,p values are higher at higher indentation forces due to a larger plasticity deformed
volume. Figure A.6 shows the double logarithmic plot of the absolute maximum cyclic
indentation force as a function of the stabilized plastic indentation-depth amplitude ha,p. The power
law is used to describe a relation between the absolute maximum indentation force and the plastic
indentation-depth amplitude. In analogy to the cyclic stress-strain curve, the potential hardening
exponent of material from the cyclic indentation is defined by the exponent of the fitted power
law equation.
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Figure A.5: Influence of indentation force on the plastic indentation-depth amplitude ha,p in
cyclic indentation for 4130 steel.

Figure A.6: Maximum indentation force vs stabilized plastic indentation-depth amplitude ha,p
in cyclic indentation for 4130 steel.

Compression dominated cyclic test
A servo-hydraulic test system MTS 315 was programmed using Multipurpose Elite software to
perform compression dominated axial load-controlled cyclic tests with a frequency of 0.5 Hz and a
stress ratios (R = Pmin /Pmax ) less than -1 in ambient temperature. To determine the cyclic deformation behavior, plastic strain was measured with an extensometer. A schematic of the geometry of
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the samples used in this experiment was illustrated in Figure 19 in chapter 3.The loading procedure
of the applied cyclic compression loads was illustrated thoroughly in chapter 6. The applied maximum and minimum stresses in the cyclic compression dominated tests for 4130 steel are given in
Table A.4.
Table A.4: Applied cyclic compression dominated test on 4130 steel specimen.
σmin (MPa)

-400

-400 -400

-400

-400

σmax (MPa)

107

160

260

310

210

Cyclic compression dominated test results for 4130 steel
Tables A.5 shows the results of compression dominated test in terms of stress amplitude and the
plastic strain amplitude for 4130 steel.
Table A.5: The stress amplitude and the plastic strain amplitude results from cyclic compression
dominated tests for 4130 steel.
σa (MPa)

253.5

280

305

330

355

εpa (%)

0.03

0.04

0.07 0.11

0.16

Figure A.7 shows the stress amplitudes against the plastic strain amplitudes in double
logarithmic scale in cyclic compression dominated test for 4130 steel. A power law is fitted
well to the results. The exponent in the fitted power law equation called strain hardening
exponent of 4130 steel under cyclic compression test.
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Figure A.7: Logarithmic cyclic stress-strain curve result from cyclic compression dominated test
of 4130 steel.

The represented experimental values of the strain hardening exponent from the cyclic compression dominated test and potential hardening exponent of material from the cyclic indentation
test for 4130 are shown in Table 12 in chapter 6. The strain hardening exponent from the cyclic
compression dominated test plotted as a function of potential hardening exponent of material from
the cyclic indentation test for 4130, 4340 and 8620 steels in Figure 49 in chapter 6 and a linear
correlation is observed.
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